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Abstract

Crack closure is a phenomenon which slows down fatigue crack propagation and leads to higher residual life of components and
to a change in the crack front curvature. Because of the significant impact on the fatigue crack growth rate, the scientific and
engineering community has been trying to describe this phenomenon very precisely. One of the most frequently described
closure mechanisms is plasticity-induced crack closure (PICC) which is dominant in the Paris regime.

In the presented work, a CT specimen has been modelled three-dimensionally and the PICC estimations have been done for
different models of materials to investigate their sensitivity. The models were cyclically loaded by forces inducing maximal
stress intensity factor of 17 MPay/m at the load ratio R = 0.1. The crack was curved according to conducted experiments. Even
though Newman’s equation estimates PICC almost constant, differences were observed from finite element simulations.
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1. Introduction

Since Elber first came across early crack closure during unloading due to a change in a stiffness of an aluminium
CCT specimen [1], this phenomenon has been deeply studied. In many mechanical components a plastic deformation
remains at the fracture surfaces after fatigue crack propagation which is responsible for the premature contact
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between crack flanks. This plasticity-induced crack closure (PICC) is not the only mechanism which may take place
[2]. The presence of oxidic layers or roughness of the crack faces play a significant role in the near-threshold fatigue
crack growth [3-5]. In addition, the oxide-induced crack closure can be affected by other factors like humidity or
frequency [6,7].

In a lot of studies bi-dimensional models were considered and a methodology of PICC estimation was developed
[8-12]. Later, these approaches were also used for three-dimensional models to describe the behaviour locally
through the thickness of the body [13—16]. 2D analyses assume a straight crack front and plane strain or plane stress
conditions. Therefore, the 3D analysis is necessary to account for three-dimensional effects, such as corner
singularity [17-20], which gives realistic stress-strain distribution along the crack front.

In the presented work only PICC was considered and the influence of the material was investigated at the load
ratio R = 0.1. The NASGRO manual [21] defines the crack closure parameter f that was empirically determined
from the strip-yield model [22,23]. In case of the load ratio R = 0.1, the parameter f does not vary sufficiently with
changing material properties — yield strength o, ultimate tensile strength oyrs, Young’s modulus E or Poisson’s
ratio v, see chapter 2.1. This does not agree with experiments carried out on CT specimens made of railway axle
steel (bainitic steel) and crankshaft steel (pearlitic steel), where large difference in crack closure was observed [24].
The crack closure parameter f for the crankshaft steel was equal to 0.5, while for the railway axle steel the crack
closure was not observed for medium fatigue crack growth rates (f = R). This difference cannot be explained by the
Newman’s formula in NASGRO manual.

2. Methods estimating plasticity induced crack closure

There are several methods for estimating PICC besides Newman’s formula in NASGRO manual. Experimentally,
the crack closure determination is based on a change of stiffness. ASTM E647 standard [25] defines
an opening/closing force for compliance offset 1, 2 or 4 %. Compliance curve can be obtained from a strain record
in normal direction, using a strain gauge in front of the crack or at the back face of the specimen, or by monitoring
a Crack Mouth Opening Displacement (CMOD), using an extensometer [26]. Another widely used method is Digital
Image Correlation (DIC) which monitors displacements on the surface near the crack tip [27]. Since DIC offers
information only from the surface of the component, X-ray diffraction method was developed to monitor the
deformation inside the body [28].

PICC can be determined by a numerical simulation using finite element method. The model of material must
feature plasticity to develop the plastic wake behind the crack tip during the crack growth which is simulated by
release of the nodes at the crack front. The moment of node release varies among the researchers; some of them
simulated the crack propagation at the minimum load [29,30], the others at maximum load [8,10,29,31,32] or during
the loading or unloading [11,33]. The most frequently used strategy is to release the nodes at maximum load because
it has better physical meaning. Due to a correct development of crack closure, a contact between the crack faces is
simulated during the unloading. Other recommendations related to the mesh size, the length of plastic wake and
number of loading cycles between the node releases were adopted in the presented work, see chapter 2.2. Then the
crack closure can be determined by monitoring the normal displacement of the first, or the second, node behind the
crack tip or by monitoring the stress state at the crack tip. Another approach is based on the change of compliance, as
in experimental determination.

In the presented work PICC estimation by strip-yield model, which is implemented in software called FASTRAN,
and from the displacement of the first node behind the crack tip was considered. All the following calculations and
simulations were done for the compact tension specimen (CT) with the final crack length a; = 15 mm, the width
W = 50 mm and the thickness B = 10 mm loaded by forces inducing constant maximum stress intensity factor
Kmax = 17 MPaym at the load ratio R = 0.1, see chapter 3.1.
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2.1. Parameters influencing PICC estimation in strip-yield model

FASTRAN, the software based on modified strip-yield model, was developed by James C. Newman in the mid-
1970’s and it simulates crack growth under variable amplitude loading [22,34]. It allows us to conduct fatigue life
predictions under cycle-by-cycle simulations. The crack closure parameter f for PICC was defined in NASGRO
manual [21] by Newman [35] as

f=A,+AR, forR < 0andR > —2, (1)

f = maX(R,AO + AlR + Asz + A3R3), fOI'R > 0, (2)

where coefficients Ay, 41, 4, and A5 are defined by the following formulas including the constraint parameter a and
the flow stress g, which is given as arithmetic mean of yield strength and ultimate strength.
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Since these formulas were defined on the basis of modified strip-yield model, the FASTRAN code (version 5.75f)
was used to visualize the sensitivity of closure level on fundamental material characteristics — yield strength oy,
ultimate tensile strength oyts, Young’s modulus E and Poisson’s ratio v. The basic values for calculations were
o, = 470 MPa, oyrs = 727 MPa, v = 0.3 and E = 200 GPa. Sensitivity analysis of each material parameter is
presented in Fig. 1. Only negligible change of closure level f can be seen. It means that the estimation of PICC for
the maximum stress intensity factor Ky, = 17 MPaym at the load ratio R = 0.1 is constant, approximately 0.3.
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Fig. 1. Crack closure dependency on material characteristics (a) yield strength, ultimate tensile strength, Young’s modulus; (b) Poisson’s ratio
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2.2. PICC estimation by finite element modelling

In this chapter the PICC is determined by monitoring the normal displacement of the first node behind the crack
tip, u,,. Closure force F; and crack closure stress intensity factor K, respectively, are then established by crossing
the zero value of the displacement during unloading by linear interpolation, see Fig. 2. Then, the crack closure
parameter f is obtained by this formula:
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Fig. 2. Tllustration of closure force determination — (a) normal displacement during loading and unloading; (b) linear interpolation.

A necessary condition to determine correct closure levels is a development of the plastic wake behind the crack
tip. It is usually recommended that the total crack growth length during the simulation should be at least one size of
the forward plastic zone 7, in order to stabilise the closure results [32,36,37]. However, it may also depend on
specimen geometry, plane strain/plane stress condition, model of material or crack growth increment [15,38].
Another crucial parameter is the element length L, which is equal to the crack growth increment Aa. In this study,
a simple criterion defining the element length as one tenth of the forward plastic zone [32], which is defined by
Irwin’s second order plastic zone estimation was used:

2
1 (K,
Tp — ( max> ) (8)
aT O'y

where « is equal to 3. Another recommendation was given by Camas [13] who defined a minimum element size at
the crack tip of about 1,/33 under plane stress condition. To reduce amplitude of the saw tooth residual stress
pattern along the plastic wake the height of the element at the crack tip was set to be equal to L, [12].

The first numerical simulations were composed only of the “growing cycles” LDU (load-debond-unload), but
later the studies suggested using at least another LU cycle before each LDU. Lately, other extra LU cycles were used
at the end of the procedure to stabilize the results. In the presented work, twenty growth steps were simulated in the
LDU strategy with three preceding load-unload cycles. After this procedure 15 load-unload cycles were added to
simulate a saturated state during fatigue loading. These twenty blocks represent the formation of the plastic wake
behind the crack tip whose length was a double of the plastic zone 7,.

3xLU+LDU  3xLU+LDU. 15x LU

1thblock * ' 20th block !

Fig. 3. Loading procedure.
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3. Numerical model and materials
3.1. Geometry model

The CT specimen was loaded by forces inducing a constant maximum stress intensity factor Ky., = 17 MPaym
at the load ratio R = 0.1. Since the given geometry allows using a couple of symmetries, only one-fourth of CT was
modeled, see Fig. 4. The final crack length a; = 15 mm, the width W = 50 mm and the thickness B = 10 mm were
considered. The initial crack length a, was set to ay = ag— N - L., where N = 20 was the number of total cycles
defining sufficient plastic wake formation.

3.2. Models of materials

The main goal of the presented work was to investigate closure levels for different materials, which was observed
in experiments in [24]. Therefore, the stress-strain curve of the railway axle steel, labeled EA4T, as well as its
modifications were used, see Fig. 5. These artificial curves were made by shifting up (EA4T-SU) and down (EA4T-
SD) and by changing the hardening level. Greater hardening is represented by the green line (EA4T-GH), while the
bilinear purple line (EA4T-BL) represents almost no hardening. All five material models were assumed to be
homogenous, isotropic, elastic-plastic with kinematic hardening and Young’s modulus E = 200 GPa and Poisson’s
ratiov = 0.3.
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Fig. 4. Geometry model Fig. 5. Stress-strain curves of different models of materials

3.3. FE model

In the finite element model contact and linear solid elements were used. In the area around the crack tip and the
developed plastic wake a homogenous and uniform structured mesh consisting of hexahedral-shaped elements,
whose length L. and height H, were equal to one tenth of the plastic zone, was used (see Tab. 1). The crack front
shape was modelled according to the conducted experiments by an exponential function x = —0.43e~11%, where the
parameter z defines the thickness from the free surface (z = 0 mm) to the middle of the specimen (z = 5 mm).
Then, an unmapped hexahedral dominant mesh was considered for the rest of the model.

The upper crack face was covered by elements CONTA174, while the other one was substituted by elements
TARGE170 on the plane symmetry to define the contact during the unloading load steps. The Augmented
Lagrangian method with penalty factor 30 and penetration tolerance 0.1 was used in all simulations.
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4. Results
4.1. Crack closure evolution

As it was mentioned in chapter 2.2, the crack closure parameter f can be determined in each unloading load step.
The evolution of the closure level at the free surface and in the middle of the specimen made of the EA4T steel is
shown in Fig. 6. The importance of the LU cycles between the growing cycles and at the end of the simulation can
be seen. The parameter f determined during the growing cycles LDU was very different from those obtained in the
stabilized phase. It can be seen that there is no crack closure in the middle of the specimen while at the free
surface the closure level is around 0.42. Similar trends were obtained also for the rest of materials, see Fig. 7.
Shifting of the original stress-strain curve down or a greater hardening leads to a smaller crack closure level. On the

other hand, when the bilinear material or the EA4T steel is shifted up, the crack closure parameter increases, see
Tab. 1.
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Fig. 6. Closure level evolution — EA4T Fig. 7. Closure level at the free surface — all models of materials

Tab. 1. Crack closure levels.

Model of material EA4T EA4T-SD EA4T-UP EAA4T-GH EA4T-BL
Yield strength o, [MPa] 470 310 655 555 420
Element size L, [mm] 0.0139 0.0319 0.0071 0.0100 0.0174
Element size L, [mm] 0.0139 0.0319 0.0071 0.0100 0.0174

4.2. Stabilization along the thickness

The crack closure stabilization detail of the depth of 1 mm from the surface of the specimen made of the EA4T steel
is shown in Fig. 8. The blue curve (cyc = 80) represents results from the last LDU cycle while the rest of the curves
were obtained from the following cycles which do not contain the node release. According to the detail of the
depth of I mm from the free surface, at least five LU cycles are necessary for stabilization of the results and smooth
transition. The difference between the result from the first unloading after the last node release (last LDU cycle) and
the last cycle of the simulation is shown for all considered materials in Fig. 9.



Radek Kubicek et al. / Procedia Structural Integrity 42 (2022) 911-918 917

1 T T T T
EA4T-end = = =EA4T-start
cyc=80 0.9 EA4T-SD-end = = =EA4T-SD-start 1
cyc=81 EA4T-SU-end = = =EA4T-SU-start
cyc=82 0.8 EA4T-GH-end — = = EA4T-GH-start ]
cyc=83 EA4T-BL-end = = =EA4T-BL-start
cyc=84 0.7 1
o cyc=85 o 06 |
g cyc=86 g .
= cyc=87 = i
E cyc=88 g 05
© - ®
5 cyc=89 504 i
aQ cyc=90 Q
cyc=91 0.3 il
cyc=92
cyc=93 0.2 T EE TR R R R
cyc=94
cyc=95 0.1
) | 0 . . . . . . .
0 0.2 0.4 0.6 0.8 1 1.5 2 25 3 3.5 4 4.5 5
thickness [mm] (crack front) thickness [mm] (crack front)
Fig. 8. Closure level saturation detail — EA4T steel Fig. 9. Closure level through the thickness — all models of materials
Conclusions

The presented work was focused on investigation of different crack closure levels induced by plasticity
considering different materials. According to the Newman’s estimation the influence of materials characteristics at
R = 0.1 was negligible, while the experimental results [24] revealed significant differences. The CT specimen with
final crack length a; = 15 mm loaded by K, = 17 MPaym was studied. Different crack closure levels were
obtained for different material models using generally adopted assumptions for numerical modelling of PICC. To
reach stabilized results, at least five load-unload blocks were necessary to use. The results also showed that crack
closure disappears in approximately 80 % of the thickness of the specimen. Therefore, numerical simulations of the
crack closure give us promising results to describe differences between plasticity-induced crack closure measured in
different materials. However, presented algorithm predicts plasticity-induced crack closure just close to the free
surface.
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