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Abstract: Mechanical behaviors at fatigue crack tips of cracked specimens under negative loading
ratios are studied in detail by the finite element method in this paper. Three factors induced by
specimen type and loading type on fatigue crack field are discussed, including constraint, compressive
loading effect (CL effect) and crack contact closure. For mode I crack under negative loading ratios,
the effects of the CL effect and crack contact closure on plastic strain accumulations are dominant,
with the constraint effect being minor. The constraint effect has effects on the monotonous plastic
zone, while the CL effect and contact closure both have effects on the reversed plastic zone (RPZ)
and residual tensile plastic zone (RTPZ). That is, the higher the constraint, the smaller the size of the
monotonous plastic zone; the greater the CL effect, or the smaller the contact degree, the larger the
size of RPZ and RTPZ. For mode II crack, there is only CL effect on the crack tip field without the
effect of constraint and contact closure, so plastic strain accumulation at the mode II crack tip is much
greater than that at the mode I crack tip when they are under the same loading level.

Keywords: over-bend straightening; mold-press straightening; roll-press straightening; prediction
model; initial curvature; straightening moment

1. Introduction
1.1. Background

The dynamic load applied to engineering components is often complex in engineer-
ing applications. Compressive loading is also a main loading style, which can lead to
component failure, except for the common tensile loading style. For example, the fatigue
load spectrum applied on aircraft landing gear, submarine and cement structures is mainly
compressive loading. Research has validated that the additional reversed plastic damage in-
duced by compressive loading was an important reason for accelerating crack growth [1,2].
If a conservative evaluation criterion is used to evaluate the structural integrity of pres-
sure equipment, with compressive loading in the fatigue loading ignored, it will bring
unnecessary losses and disasters.

For cracked specimens under negative loading ratios, crack closure and compressive
loading effect are non-negligible factors determining crack growth behaviors [3]. In ad-
dition, the constraint is an important factor influencing the fatigue crack tip field, which
also must be considered in fatigue crack propagation [4]. There are still shortcomings and
contradictions in the research relating to fatigue crack growth behaviors under negative
loading ratios; for example, the constraint effect on fatigue crack and test standards of
fatigue crack growth under negative loading ratio. So, it is necessary to further study
fatigue crack growth behaviors under negative loading ratios, including the constraint
effect, the quantification of crack closure and the effect of compressive loading.
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1.2. Effects of Constraint on Fatigue Crack Growth

Larsson [5] found that fatigue crack growth behavior was associated with stress state
at the crack tip and stress triaxility; that is, specimen type and loading type had effects on
fatigue crack growth behavior. Varfolomeev [6] studied fatigue crack growth behaviors by
middle tension (MT) specimen, compact tension (CT) specimen, round bar specimen and
rectangular specimen with semi-elliptical crack and found that the fatigue crack growth
rate of the MT specimen was the fastest, and the fatigue crack growth rate of the CT
specimen was the slowest. The main factor is the different stress—strain states in the crack
tip vicinity of the specimen caused by specimen type. Fatigue crack growth behaviors of
the MT specimen and CT specimen were compared by Hutar [7], who considered that the
crack growth rate of the MT specimen was faster than the CT specimen. Ayatollahi [8] has
found that specimen type had effects on fatigue crack growth rate and crack growth path.
Tong [9] conducted experiments with the CT specimen, SENT specimen and MT specimen
and found that the fatigue crack growth rate of the MT specimen was the slowest, while the
CT specimen was the fastest, which is opposite to the conclusions of Ayatollahi [7]. Tong
also found that the law of fatigue crack growth rate was consistent with that of T-stress.
In addition, Zhao [10] found that creep-fatigue behavior was also related to specimen
type. Xu [11] has concluded that the fatigue crack growth rate became slower with the
loading ratio increasing; the fatigue crack growth rate became faster with the specimen’s
thickness increasing. The explanation was given in the aspect of crack closure by plastic
and three-dimensional constraint.

Fatigue crack growth behaviors of titanium alloy studied by Liknes [12] showed that
specimen geometry almost had no effect on the fatigue crack growth rate in the paris zone.
The results indicated that the effect of specimen geometry might be related to material and
loading ratio. It was considered the effect of specimen type under a lower stress ratio was
greater than that under a higher stress ratio. Deka [13] also studied the constraint effect by
changing specimen geometry and loading type on fatigue crack growth. It was concluded
that the higher constraint inhibited the accumulation of plastic strain, accompanied by the
reduction of the number of triple slip zones near the crack tip. In addition, some other
researchers considered the effect of specimen geometry was mainly due to the effect of
crack closure.

1.3. Research on Fatigue Crack Growth under Negative Loading Ratio

For a long time, it has been generally believed that fatigue cracks will lead to crack
closure and no crack propagation under the action of compressive loading. Moreover, in
the standard ASTM E647 [14], only tensile loading in the fatigue cycle was considered,
that is, AK = Kmax. At the same time, some research has negated the points. Huang [15]
conducted experiments on fatigue crack growth under fatigue compressive loading by MT
specimen and double cracked specimen, accompanied by stress—strain field and residual
stress analyses by finite element method. It was found that residual tensile stress that
occurred during the unloading stage was the main factor influencing fatigue crack growth,
whereas compressive loading accelerated crack growth. Pommier [16] found that fatigue
crack growth behavior had relationships with both crack tip field ahead of the crack tip
and crack contact behavior behind the crack tip. Bian [17] also conducted numerical
simulations of the notched specimen and found that fatigue crack growth was associated
with the residual stress field after the unloading process. The main driving forces of crack
propagation under cyclic compressive loading are the AK caused by the alternating change
of residual tensile stress field at the crack tip and the reverse compressive stress field caused
by the unloading process.

Actually, it is inadequate to demonstrate fatigue crack growth behavior under compres-
sive loading by only residual tensile stress. It must take both the strain field ahead of the
crack tip and the plastic wake zone behind the crack tip into consideration [3]. Zhang [18]
also proved that the effect of crack closure and compressive loading varied during the
fatigue crack growth process. In the previous stage, the crack closure effect was dominant
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when the crack growth rate was slower, while in the later stage, the compressive loading
effect was dominant when the crack growth was faster.

Therefore, in order to figure out the mechanism of fatigue crack growth of specimen
under negative loading ratio, several factors on fatigue crack tip mechanical behaviors,
including constraint, compressive loading effect and crack closure effect, are discussed by
finite element method in this paper.

2. Finite Element Model and Verification
2.1. Research Scheme

The shapes and sizes of specimens studied in this paper are shown in Figure 1. The
width is W = 20 mm, the thickness is B = 10 mm and the crack length a is equal to the sum
of the notch length a, and the crack length as, which is 10 mm. In the fatigue crack growth
standard [14,19], the notch length a;, is suggested between 0.1 W and 0.15 W or 0.2 W and
the length of pre-crack is also required. However, the influence of the contact between
crack surfaces under negative loading cannot be ignored [20]; that is, the notch length a,
of the specimen has an influence on the test results. Therefore, this paper will study the
influence of contact degree on the mechanical behavior of fatigue crack tip by changing
the notch length a,, (Figure 1). In addition, constraint at the crack tip is the behavior that
prevents the plastic from deforming [4], and the influence on the fatigue crack tip field also
exists [6-9]. In this paper, different constraints are obtained by changing the position of the
loading point (K1 and K3 in Figure 1). The purpose of this paper is to provide a reference
for the standardization of fatigue fracture research under negative loading.
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Figure 1. Sketch map of specimen and loading: (a) K1 specimen, (b) K3 specimen, (c) fatigue loading.

Two notch lengths are considered in this paper: a, = 0 and a,/as = 4. The specimen
with a, = 0 is represented by K-S, and the specimen with a,/as = 4 is represented by K-N.
Two different loading conditions are considered in this paper, as shown in Figure 1. There
are: The loading points are located on both sides of the crack surfaces in Figure 1a, which
shows a high constraint state; The loading points are uniformly distributed over the width
of the specimen in Figure 1b, which shows a low constraint state.

In Figure 1, the load perpendicular to the crack surface causes the crack opening
deformation; the crack tip presents the mode I state. The load parallel to the crack causes
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the crack shearing deformation; the crack tip presents the mode II state. I-II mixed mode
crack can be obtained by changing loading angle § in Figure 1. Three loading angles
of =0° B =60° and B = 90° are considered to study mode I crack, mode II and I-II
mixed mode crack in this paper, among which B = 90° corresponds to mode I crack, g = 0°
corresponding to mode II crack, and 8 = 60° corresponding to I-II mixed mode crack. The
first four subsections of this paper mainly discuss mode I crack, and the final subsection
mainly discusses I-II mixed mode crack.

At the same time, in order to study the influence of negative loading ratio on the
mechanical behavior of fatigue crack tip, six negative loading ratios R are considered in this
paper, which is shown in Table 1. J-integrals of all specimens at first peak loading points are
consistent, which are 1.4 J/N. The load diagram is shown in Figure lc. Specimens involved
in the text are summarized in Table 1, and the corresponding specimen labels are K1-N,
K1-5, K3-N and K3-S.

Table 1. Summary of specimen type and loading type.

Specimen Loading Point Ki Contact Type Loadu;;oAngle Loading Ratio R
K1-N K1 N 90 0,-0.1,-05,-1,-15, -2
K1-s K1 S 90 0,-0.1,-0.5,-1,-15, -2
K3-N K3 N 90, 60, 0 0,-0.1,-05,-1,-15, -2
K3-S K3 S 90 0,-0.1,-05,-1,-15, -2

2.2. Finite Element Model

In this chapter, the commercial software ABAQUS is used for finite element analyses.
Crack surfaces will appear local or even completely closed in the unloading stage when
specimens are under negative loadings. Therefore, material nonlinearity (plastic defor-
mation) and geometric nonlinearity (crack surface contact) of the finite element model
should be considered simultaneously in the modeling [4,21]. In addition, the effect of the
cyclic plastic behavior of material on fatigue crack growth must be considered for cracked
specimens under compressive fatigue loading. In this paper, the Chaboche model [22]
is used to simulate the cyclic plastic behavior of the material, which can describe the
nonlinear mechanical behavior of materials combined with follow-up strengthening and
isotropic strengthening. The material studied in this paper is commercially pure titanium
TA2. The material characteristic parameters of its Chaboche model have been obtained in
reference [21].

The finite element model based on ABAQUS software is shown in Figure 2. One end
of the specimen is fixed (F), and one end is applied with fatigue loading (L). The loading
fixture adopts a rigid body, and special contacts are set between the fixture and specimen
to transfer loading. Special contacts are also set between crack surfaces to prevent the
crack surface grids from penetrating each other under the action of compressive load. The
continuous 4-node plane strain reduction integral element (CPE4R) is used in the whole
model. It is found that the results of finite element simulation are independent of the
mesh size when the mesh size at the crack tip is less than 0.05 mm [21]. In order to study
mechanical behaviors within the small range around the crack tip, mesh sizes around the
crack tip within 20 um are 1 pm.

2.3. Mesh Verification

Fatigue crack can be closed (even for a part of the tensile phase) as a result of the
closing of its lips near the tip under compressive loading. This phenomenon is known as
crack closure [23], which has many effects on fatigue crack growth. Special contact has been
defined between crack surfaces in this paper in order to demonstrate the accuracy of the
contact setting, crack opening displacement (COD) at the crack wake area, and equivalent
plastic strain (EPS) ahead of the crack tip was discussed here. CODs at 10th valley points
with loading ratios R are shown in Figure 3a,b (D is the distance from the crack tip at the
crack wake area), which decrease with R and most of which are less than 0. It is due to
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the error in FEM simulation causing intersects between crack surfaces. However, the error
of COD is acceptable (the minimum CODs are less than —0.01 mm) and has no effect on
fatigue mechanical behavior.

(a) (b) - —; — ‘ (c)

/" \ contact between fixture and specimen
/o~ —~ \

contact between crack surfaces

crack tip element size Inm

rigid body /

Figure 2. Finite element model: (a) mode I crack, (b) I-IIl mixed mode crack, (c) mesh detail.
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Figure 3. Researches of contact between crack surfaces: (a) effect of R on COD for K3-N, (b) effect of
R on COD for K1-5, (c) effect of mesh size on COD (R = —1), (d) effect of mesh size on EPS (R = —1).

The factors influencing CODs between crack surfaces are the contact coefficient set
in ABAQUS and mesh size at the crack surface area. Through computing, the contact
coefficient has no effect on vertical contact behavior, while mesh size has an effect. The
effects of mesh size are shown in Figure 3c; it can be found that the smaller the mesh size,
the lighter the intersection degree between crack surfaces. Plastic strain accumulation
ahead of the crack tip is a significant factor relevant to fatigue crack growth behavior, so
EPS ahead of the crack tip at the 10th valley point of K3-N specimens is studied in Figure 3d
(d is the distance from the crack tip ahead of the crack tip). It can be found that although
CODs are affected at the crack wake area, EPS ahead of crack tips almost remains the
same. It is mainly due to CODs or intersections between crack surfaces being minor, which
will not change the mechanical behavior ahead of the crack tip. So, mesh sizes of contact
surfaces in the models are set as 0.1 mm, which gives consideration to both simulating
accuracy of mechanical behavior and calculating speed in the computer.
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Moreover, contacting stresses (per Newton) between crack surfaces are shown in
Figure 4. From the figure, contact stress increases with the loading ratio decreasing. The
maximum contact stresses of K3-N, K1-N and K3-S are in the range of 1~2 mm away
from crack tips, while the maximum contact stress of K1-S is at the end of the crack. The
above phenomena indicate that crack surfaces contact each other with compressive loading
applied, and the contact degree is related to contact stress, which also verifies the accuracy
of models in this paper.

0.40 0.6
—R=0 —KI-N
——R=-0.5 —KI-S
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0.08 1 0.1
. y
0.00 01 A(K3-8)=0.472
00 0.5 10 s 20 0 2 4 6 8 10
D/mm D/mm
(a) (b)
Figure 4. Research of contact stress: (a) effect of loading ratio, (b) effect of specimen type.
3. Quantification of Constraint, Compressive Loading and Contact Closure
3.1. Constraint Ahead of Crack Tip
In order to discuss the effect of constraint, compressive loading and crack closure
caused by crack surfaces contact under a negative loading ratio, parameters quantifying
the constraint, compressive loading and contact degree are provided in this section.
For specimens in Table 1, the stress fields at the maximum tensile loading level of
J = 1.4 N/mm are provided in Figure 5. From the figure, it can be found that oyy of all the
specimens are the same, while o are related to loading type, with notch length no effect.
The differences between oy stress fields can be described by the constraint parameter
T-stress. The dimensionless parameter B (B = Tkzi@) [24] is used in this paper; the values
I
of B for K1 specimens are 0.45 and for K3 specimens are 0.23. So, the constraint of the K1
specimen is higher than that of the K3 specimen.
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Figure 5. Stress distribution under tensile loading: (a) oxx; (b) Tyy.
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3.2. Compressive Loading Effect (CL Effect)

Negative stresses ahead of crack tips will occur when specimens are under compressive
loadings. Stress components oyy with distance d are shown in Figure 6 in order to discuss
the compressive loading effect, which are stresses at 1 th valley points (cyy at 1 th peak point
are the same due to the same J-integral at the crack tip). The greater the negative stresses,
the more obvious the compressive loading effect, and the greater the plastic damage at the
crack tip, which will be discussed in the following paper. The compressive loading effect is
abbreviated as the CL effect, so from the figure, it can be obtained as follows: the smaller the
loading ratio R, the greater the effect of CL, and CL(K3-N) > CL(K3-5) > CL(K1-N) > CL(K1-5).
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d/ mm d/ mm
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Figure 6. Normal stresses oy with d: (a) effect of specimen type, (b) effect of loading ratio.

3.3. Contact Degree at Crack Tip Wake Zone

Crack surfaces will contact specimens under fatigue loadings with negative loading
ratios, and the effect of contact degree on fatigue crack tip field cannot be ignored. Contact
degree can be quantified by contact stress between crack surfaces, by which the contact
coefficient is defined. The contact coefficient C is defined as the contact force under negative
loading per Newton, which is expressed as C(i) = S(i)/A, among the equation 5S(i) means
contact stress at any point in the crack wake area per newton, A is the area enclosed by
contact stress curves in Figure 4 meaning the sum of contact stress along crack wake.

The point of maximum stress shown in Figure 4 means the greatest contact degree,
where the regulation of contact coefficient C with loading time is shown in Figure 7. In the
figure, the value of C keeps zero when crack surfaces are not closed (before the crack contact
point); the value of C becomes greater with contact faces gradually closed until C reaches
the maximum at the valley point (recovery point); then the value of C decreases with contact
faces gradually separated and contact stress becomes smaller, C keeps zero (recovery end
point) again until crack surfaces are separated completely. During the loading—unloading
process, crack surfaces keep closed between the process crack contact point and recovery
end point, which is the crack closure process.
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Figure 7. Regulations of contact coefficients C: (a) effect of loading ratio R, (b) effect of specimen type.

The contact coefficient C proposed in the paper is the quantification of contact degree;
that is, the greater the value of C, the higher the contact degree, the higher degree of
crack contact closure, and the higher the resistance of plastic strain at the crack tip. The
relations between contact coefficients C of specimens under different loading ratios are:
C(R=-2)>C(R=-1)>C(R=—-0.5) > C(R =0); The relations of contact coefficients C for
different types of specimens are: C(K1-S) > C(K1-N) > C(K3-S) > C(K3-N).

The following paper will discuss the mechanical behaviors at fatigue crack tips through
three factors of constraint B, compressive loading effect CL, and contact degree C.

4. Study of Stress—Strain Field Ahead of Crack Tip
4.1. Strain Field Ahead of Crack Tip
4.1.1. Circumferential Distribution of Equivalent Plastic Strain (EPS)

Equivalent plastic strain (EPS) is a measure of plastic deformation of the material,
which is a scalar. The physical meaning of EPS is to record the deformation history of
material and to characterize the cumulative value of plastic strain. The effects of loading
ratio and specimen type on circumferential EPS distributions are shown in Figure 8a,b,
respectively; the circumferential path studied is 1 um away from the crack tip at the 10th
cycle. In the figures, 0° corresponds to the crack tip zone, along which the crack grows,
and 180° corresponds to the crack tip wake zone; the solid line corresponds to the EPS field
at the peak loading point, the dashed line corresponds to the EPS field at valley loading
point; the area enclosed between them is the accumulated plastic strain ahead of crack tip
increased by one unloading.
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Figure 8. Circumferential distribution of EPS: (a) effect of loading ratio R, (b) effect of specimen type.

The higher the plastic strain accumulation, the greater the damage at the crack tip,
and the more likely the specimen is to fail. From Figure 8a, plastic strain accumulation
increases as the loading ratio decreases, which means that the negative loading promotes
plastic strain accumulation at the crack tip. From Figure 8b, EPS regulations for different
types of specimens are consistent with those of CL effect and contrary to those of contact
coefficient C; that is, EPS(K3-N) > EPS(K3-S) > EPS(K1-N) > EPS(K1-S). Associated with the
CL effect and contact coefficient C, it can be concluded that the higher the CL effect, or the
lower the contact degree, the more damage accumulation ahead of the crack tip.

4.1.2. Effect of Loading Ratio R on Strain Evolution with Loading History

Crack surfaces will contact each other for specimens under compressive loadings, by
which the crack tip state will be affected. Strain evolutions are discussed to point out the
contact effect during the loading-unloading process. The distributions of strain (Eyy) and
EPS of the points 2 pm away from crack tips with loading histories for K3-N specimens are
shown in Figure 9.
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Figure 9. Effect of loading ratio on strain field: (a) Eyy with loading history for K3-N, (b) EPS with
loading history for K3-N.

As shown in Figure 9a, strain (Eyy) decreases and then increases, but the decreas-
ing/increasing rate is not constant. Especially for the crack contact point and recovery end
point, the decreasing/increasing rate of strain(Eyy) incites a sudden decrease/increase due
to crack surfaces contacting (crack contact point)/separating (recovery end point) with
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EPS

each other. The phenomenon is called crack contact closure, and the process between
the crack contact point and recovery end point is the crack closure process. Correspond-
ingly, the increasing/decreasing rate of EPS in Figure 9b decreases/increases due to crack
surfaces contacting/separating with each other. The history of EPS can be divided into
five stages, including the linear-elastic recovery stage (unloading), plastic accumulation
stage (unloading), crack face contact stage, linear-elastic recovery stage (loading) and plas-
tic accumulation stage (loading); the recovery end point is in the linear-elastic recovery
stage (loading).

From the figures, the crack closure process related to crack contacting closure becomes
larger with the loading ratio decreasing. Combined with the contact coefficient C and
CL effect, it can be concluded that the smaller the loading ratio R, the greater the contact
coefficient C, the smaller the CL effect, the larger the crack closure process and the greater
the hinder effect on plastic strain accumulation. At the same time, the CL effect is much
greater than that of the crack contact closure effect during the loading—unloading process.
So, negative loading promotes plastic strain accumulation at the crack tip, and EPS at the
crack tip increases with loading ratio R, which is mainly induced by the CL effect.

4.1.3. Effect of Specimen Type on Strain Evolution with Loading History

Figure 10 shows EPS of the point 2 um away from crack tips with loading histories for
specimens under R = 0 and —1, respectively; the aim is to discuss the effect of constraint,
CL effect and crack contact closure on fatigue crack growth.

0. 085

0. 080

0. 075

0. 070

0. 065

0. 085

—KI-N
—KI-S
—K3-N
0.080 1 ——XK3-S

i '

i crack closure process
i

i |

wn
£80.0759 |
I

‘
0.070 !

'
0.0654

0. 060

Figure 10. Effect of specimen type on EPS distribution: (a) R =0, (b) R = —1.

Conclusions have been drawn from Figures 3 and 4, that is B(K1) > B(K3), CL(K1) < CL(K3),
C(Ki-S) > C(Ki-N)(@i = 1, 3), based on which strain evolution is discussed. Firstly, the effect of
constraint (Figure 10a) is: the higher the constraint (K1 specimen), the lower the EPS, or the
lower the plastic strain accumulation; it is mainly because the higher the constraint, the greater
the resistance to plastic deformation at the crack tip during the loading process. The CL effect
(Figure 10b) is: the greater the CL effect (K3), the greater the EPS. Then, the effect of crack contact
closure (Figure 10b) is: the greater the crack contact closure C (Ki-S specimen), the lower EPS at
the crack tip; this is because the greater the contact degree C, the higher the closure degree at
the crack tip, the greater the resistance to plastic strain at the crack tip. Zhang [21] also proved
that crack contacting closure reduced the cumulative rate of EPS through tests and finite element
methods, but the impact of contact degree has not been discussed.

The differences in EPS of different specimens under R = 0 are smaller in Figure 10a,
which is mainly caused by constraint, while differences in EPS of different specimens under
R < 0 are larger, which is related to the CL effect and crack contact closure. So, (1) For
specimens under fatigue loadings with R > 0, the differences of plastic strain accumulations
are mainly induced by constraint, whose effects are smaller, relatively; and the effect of
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crack closure is also smaller. (2) Among these specimens, the EPS of the K3-N specimen
is maximum, and the EPS of the K1-S specimen is minimum, which is consistent with the
laws of CL effects and contact degrees C; that is, the greater the CL effect or the smaller the
C, the greater the EPS.

4.2. Stress Field Ahead of Crack Tip
4.2.1. Circumferential Mises Stress Distribution

Circumferential Mises stress distributions at the paths 2 um away from crack tips
are shown in Figure 11. At valley loading in Figure 11b, Mises stresses of most areas
increase with loading ratio R decreasing, including crack tip wake zone; this is due to
contacting behavior between crack surfaces. While at peak loading in Figure 11a, Mises
stress decreases as loading ratio R decreases at the crack tip wake zone, which is opposite
to that in other areas around the crack tip; this is mainly because stress at peak loading is
offset by compressive stress at valley loading.

90
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30 300
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/ 200 -
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o, (=

= 2 100
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. b 270, , . 270,
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Figure 11. Effect of loading ratio R on Mises stress distribution: (a) Peak loading point, (b) Valley
loading point.

The results validate that crack contact closure exists at the crack tip wake zone for
specimens under a negative loading ratio again, which will result in different deformation
behavior ahead of the crack tip.

4.2.2. Normal Stress Distribution

Normal stress (0yy) fields during loading processes of a~g (in Figure 1) are shown in
Figure 12. For specimens under R = 0 in Figure 12a,d, normal stresses at peak points a are
positive and greater than the yielding stress o5, which means that yielding occurs ahead of
the crack tip under tensile loading. With loading from peak point a to valley point e, normal
stress decreases gradually and then changes to compressive stress, the area of compressive
stress is maximum at point e. The area where compressive stress is greater than yielding
stress is the reversed plastic area. Normal stress distributions for K3-N and K1-5 specimens
under R = 0 are the same.
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R=0;(e)KI-S,R = —1; (f) K1-S, R = —2.

For specimens under R < 0 in Figure 12b,c,e,f, there are discrepancies of normal stress
distributions between different types of specimens, and the differences occur in the stage
of b~g. For the K3-N specimen, as the loading from point b to point e, compressive stress
becomes greater, and the area of compressive stress becomes larger too; during loading

from point e to point f again, compressive stress becomes smaller; when it is loading to
point g, the normal stress in a small range near the crack tip changes to tensile stress again,
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with the applied load compressive though. The normal tensile stress at point g is the
residual tensile stress, and the area of normal tensile stress is the residual tensile stress area.
Moreover, loading ratio R has an obvious effect on the residual tensile stress zone. The
smaller the loading ratio R, the larger the residual tensile stress zone and the greater the
crack growth driving force, which is consistent with the conclusion in references [18,22].

For the K1-S specimen with R < 0, when the load is gradually unloading from point b
to point ¢, compressive stress distribution at the crack tip almost remains unchanged; this
is mainly due to the high degree of crack contact closure, which hinders the generation of
reverse plastic strain at the crack tip. With the load from point e to point f and then to point
g, the compressive stress distribution changes slightly with normal stress still compressive;
there is no residual tensile stress zone, and loading ratio R has almost no effect on the
stress field.

Therefore, the size of the residual tensile stress zone is not only related to the negative
stress ratio but also related to the contact degree; it can be concluded that there is no
residual tensile stress zone when contact degree of the specimen is greater enough, while
residual tensile stress zone increases with loading ratio decreasing when contact degree of
the specimen is smaller enough.

5. Monotonous Plastic Zone, Reversed Plastic Zone and Residual Tensile Plastic Zone

Plastic deformation ahead of the crack tip for specimen under negative fatigue loading
ratio is divided into an elastic zone, monotonous plastic zone, reversed plastic zone and
residual tensile plastic zone, as shown in Figure 13. When the loading is from 0 to Pmax
(0~a), the outer zone is the linear-elastic zone, where the deformation is mainly elastic.
Meanwhile, irreversible plastic deformation occurs within the elastic zone, which is called
the Monotonous plastic zone, whose mechanical properties depend on Kpax. When the
loading is from Pmax t0 Ppin (a~€), the elastic zone gradually recovers, and the reversed
plastic deformation occurs due to the squeeze in the inner Monotonous plastic zone. Mean-
while, reversed plastic zone occurs within the Monotonous plastic zone, whose mechanical
properties are dependent on AK. When the loading is from P, to Pmax again (e~g), the
linear elastic zone expands again, and the Monotonous plastic zone is forced to expand.
At this time, even if the compressive load is still applied near the crack tip, a residual
tensile plastic zone that can accelerate crack propagation is formed in the monotonic plastic
zone, and its internal mechanical behavior depends on R. The residual tensile plastic zone
expands continuously with the increase of load until it becomes a monotonic plastic zone
at ¢ point, and then the reverse plastic zone formed by unloading will be covered by a
monotonic plastic zone.
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Figure 13. Diagram of various plastic zones of the crack tip [18,21].

The above zones during loading—unloading have close relationships with fatigue crack
growth behaviors, so the zones of Monotonous plastic zone, Reversed fatigue zone and
Residual tensile plastic zone will be discussed in the following to figure out the effect of
constraint, CL effect and contact closure on fatigue crack growth.
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The monotonic plastic zone can be defined as the zone where the EPS at crack tip is
higher than or equal to 10~* [18]. The reverse plastic zone is the plastic zone generated
during the unloading process, which can be judged by whether it is increased during the
unloading process of EPS [18]. The residual tensile plastic zone occurs during reloading,
which can be judged by the zone where the positive stress is greater than 0. The relationships
between Monotonic plastic zones with stress ratio R and specimen type (constraint and
contact degree) are shown in Figure 14a, and the relationships between the Reverse plastic
zone and Residual tensile plastic zone are shown in Figure 14b,c, respectively.
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Figure 14. Relationships of plastic zones: (a) Monotonous plastic zone; (b) Reversed plastic zone;
(c) Residual tensile plastic zone; (d) Results in the paper [18].

Firstly, the monotonic plastic zone in Figure 14a is related to the crack tip constraint.
The higher/lower the constraint B, the smaller/larger the monotonic plastic zone. The CL
effect and the contact degree C have no effect on the monotonic plastic zone.

Reversed plastic zone in Figure 14b is related to loading ratio R and contact degree
C (CL effect). The main findings are as follows: With the decrease of loading ratio R, the
size of Reversed plastic zone increases gradually, but the increasing amplitude is related
to the contact degree C (CL effect). The Reversed plastic zone at the crack tip of the K3-N
specimen increases fastest with R, and the K1-S specimen has the lowest increasing rate.
That is, the greater (smaller) the contact degree C (CL effect), the smaller the increasing rate
of the Reversed plastic zone (RPZ) with R. Especially for the K1-S specimen, the size of
RPZ almost remains unchanged with R < —1. This is mainly because the greater the contact
degree C, the greater the crack closure degree, and the smaller the Reversed plastic zone
produced by unloading.
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The Residual tensile plastic zone (RTPZ) in Figure 14c is also related to loading ratio
R and contact degree C (CL effect). With the decrease of loading ratio R, the size of RTPZ
increases gradually except for the K1-S specimen, which always keeps zero. From the
figure, it can be obtained that the greater (smaller) the contact degree C (CL effect), the
larger the RTPZ.

Zhang [18] also obtained similar conclusions in the study of crack tip mechanical
behaviors of CTS specimens, but the influence of contact degree was not discussed in
Zhang’s paper, which is shown in Figure 14d. The results of Zhang also can demonstrate
the accuracy of the results in this paper.

6. Strain Energy Analyses
6.1. Hysteresis Loop

Figure 15 shows the stress—strain hysteresis loop of the node point 2 um away from
the crack tip at the 10th cycle, where Syy and Eyy are normal stress and strain perpendicular
to the crack direction and where Figure 15a,b show the effect of loading ratio and effect of
specimen type on hysteresis loop.
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(a) (b)
Figure 15. Hysteresis loop: (a) effect of loading ratio R; (b) effect of specimen type.

Firstly, the hysteresis loop gradually moves to the left as the loading ratio decreases, as
shown in Figure 15a. The area enclosed by the hysteresis loop is the strain energy required
to drive the crack. The smaller the R, the higher the dissipation energy at the crack tip.
Therefore, the negative load can promote damage to the crack tip materials. Then for the
effect of specimen type in Figure 15b, the hysteresis loop of the K1-S specimen is at the
rightmost, and the K3-N specimen is at the leftmost. The area enclosed by the hysteresis
loop of the K3-N specimen is the largest, and the area of the K1-S specimen is the smallest.
This is mainly because the ligament of the K3-N specimen bears higher compressive stress,
and then the crack tip generates higher energy to drive crack propagation.

Combined with B, CL effect and C in Figure 4, conclusions can be obtained: For
specimens under different loading ratios, the smaller the R, the higher the contact degree C
and the greater the CL effect, with the CL effect greater than that of C. So the strain energy
at the crack tip increases with R decreasing. For different types of specimens under the
same loading ratio R, the higher the contact degree C, or the lower the CL effect, the smaller
the strain energy, and the less easy it is for the crack to extend.

6.2. Strain Energy Analyses

The evolution of elastic and plastic strain energy at the crack tip is given in Figure 16.
In the figure, during the process from unloading to loading, the elastic strain energy under-
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goes: decreasing (tensile linear elastic recovery stage)~increasing (reversal compression
stage)~decreasing (compressive linear elastic recovery stage)~increasing (forward tensional
stage). When it returns to the peak load again, the elastic strain energy returns to the origi-
nal value, indicating that the elastic strain energy does not play a role in the crack extension.
In contrast, the plastic strain energy gradually increases in the loading—unloading process,
which indicates that the plastic strain energy gradually accumulates in the process. During
the process, the plastic strain energy first remains constant (tensile linear elastic recovery
stage) and then increases (plastic accumulation stage). When the load is loaded again,
plastic strain energy first remains constant (compressive linear elastic recovery stage) until
the crack surface separates and the tensile load to the crack tip produces plastic deformation
(plastic accumulation stage).
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Figure 16. Elastic and Plastic strain energy: (a) effect of R on elastic strain energy; (b) effect of R on
plastic strain energy; (c) effect of specimen type on elastic strain energy; (d) effect of specimen type
on plastic strain energy.

The whole process of strain energy is consistent with that of EPS in Figures 9 and 10,
which is also related to the CL effect and contact degree C.

7. EPS Field Analyses for I-II Mixed Mode Crack (without Considering Shear Friction)

The effects of constraint B, CL effect and contact degree C on mode I crack tip fields
were studied in the above paper. For I-1I mixed crack, the crack tip can be decomposed to
mode I and mode II components, of which mode I crack is also influenced by constraint,
CL effect and contact degree, and the law is consistent with the above. In contrast, mode II
crack does not have any constraint effect and crack contact closure due to shear deformation
(without considering shear friction), so only the negative loading ratio effect needs to be
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considered. In the following, the relationship between the mechanical behavior at the crack
tip and the loading ratio for I-Il mixed mode crack will be briefly discussed through the
EPS field of the K3-N specimen.

The EPS distributions at crack tips of pure mode II cracks acting at loading angles of
B = 0° and I-II mixed mode cracks acting at 8 = 60° are given in Figure 17. From the figure,
it can be found that plastic strain accumulation at the pure mode II crack tip is much greater
than that at I-II mixed crack tip. Moreover, for the mode II crack in Figure 17a, EPS under
R = —11is approximately 3.4 times that under R = 0, and EPS under R = —2 is approximately
2.5 times that under R = —1. In contrast, for the I-II mixed mode crack in Figure 17b, EPS
under R = -1 is only approximately 2.2 times that under R = 0 and EPS under R = -2 is only
1.4 times that under R = -1.
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Figure 17. EPS field with loading history: (a) g = 0°, (b) g = 60°.

In addition, for pure mode II crack, the increasing process of EPS with loading history
is less affected by loading ratio R (shown in Figure 17a). In contrast, for I-Il mixed mode
crack under B = 60°, the increasing law of EPS with the loading history is much more
influenced by loading ratio R (shown in Figure 17b), which is similar to that of mode I crack
in Figure 9.

It is mainly due to the fact that there is no crack contact closure in the mode II crack,
while there is contact closure of the mode I component in the I-II mixed mode crack, which
hinders plastic strain accumulation at the crack tip to a certain degree.

The circular distribution of EPS is given in Figure 18. The EPS field of mode II and I-1I
mixed mode crack tip shows a symmetrical shape. For pure mode II crack under § = 0°,
the EPS of the specimen under R = —2 is much greater than that under R = 0 in Figure 18a.
Meanwhile, for I-II mixed mode crack, the difference in EPS between the two loading
ratios in Figure 18b is smaller. It is considered that there exists no crack contact closure
effect during the mode II fatigue loading—unloading process. Moreover, for I-II mixed
mode crack, crack closure will be induced by the mode I component, which prevents the
plastic strain accumulation at the crack tip. So, the crack contact effect can be ignored for
specimens under negative loading ratios when the mode II component is dominant.
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Figure 18. Circumferential EPS field: (a) g = 0°, (b) B = 60°.

8. Conclusions

This paper focuses on the study of mechanical behaviors at the crack tip of specimens
under negative loading ratios by the finite element method. Three factors, including
constraint, CL effect and contact degree are mainly discussed. The main conclusions are
obtained as follows:

(1) The factors of constraint, CL effect and contact degree have many effects on the
fatigue stress—strain field. For plastic strain field with R > 0, the constraint effect is the
main factor, CL effect and contact degree have no effect. Meanwhile, for a plastic strain
field with R < 0, the greater the CL effect, the lower the contact degree and the greater the
plastic strain accumulation ahead of the crack tip. For stress fields with R < 0, no residual
tensile stress zone with a contact degree is greater enough, while the residual tensile stress
zone increases with the loading ratio decreasing with a contact degree smaller enough.

(2) Three zones of Monotonic plastic zone, Reverse plastic zone (RPZ) and Residual
tensile plastic zone (RTPZ) ahead of crack tips are related to the CL effect and contact
degree. The higher/lower the constraint B, the smaller/larger the monotonic plastic zone.
The greater (smaller) the contact degree C (CL effect), the smaller the increase rate of the
Reverse plastic zone (RPZ) with R, which is mainly because the greater the contact degree C,
the greater the crack closure degree and the smaller the RPZ produced by unloading. RTPZ
is also related to loading ratio R and contact degree C (CL effect). The greater (smaller) the
contact degree C (CL effect), the smaller the RTPZ.

(3) There is no constraint effect and crack contact closure for mode II fatigue crack due
to shear deformation; only the negative loading ratio effect needs to be considered. Plastic
strain accumulation ahead of the crack tip of the mode II crack is greater than that of the
mode I crack; due to this, there is no crack contact closure effect in the mode II crack. For the
I-II mixed crack, the crack tip can be decomposed to the mode I and mode II components,
of which the mode I crack is also influenced by constraint, CL effect and contact degree,
and the law is consistent with the above conclusion.
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