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Abstract

Fatigue cracks propagate intermittently by the cyclic initiation and coalescence of voids in front of the
fatigue crack tip during fatigue crack propagation in the damage accumulation mode. In this study, digital
image correlation is used to measure the evolution of the measured plastic strain distribution near the crack
tip with loading and cyclic loading during one cycle. The evolution is estimated based on strain distribution
measurements results and mechanical considerations. The strain is set at the unloading point because results
indicate that the crack propagated in the region where the experimental shear plastic strain is the maximum
in the first quarter cycle (at the first maximum load); the measured plastic strain is almost constant in the
region where the crack propagates, and the crack is initiated by a subsequent cyclic strain localization and
coalescence with the main crack. This study clarified the damage accumulation mode fatigue crack
propagation mechanism with the measured strain behavior, and presents a method to use continuum plastic

strain at the crack tip as a mechanical driving force for this mode.
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1. Introduction

Fatigue cracks often extend on the plane where principal stress acts [1-3] in the tensile mode [1] when
a metallic material with a crack is subjected to cyclic Mode Il [4-6] loading. However, in some materials,
the crack propagates on the plane under certain conditions where the maximum shear stress acts [1, 7-12] in
the shear mode [1]. Shear mode fatigue crack propagation (FCP) can occur in the same material and under
the same conditions; however, its behavior is highly variable when it occurs [13]. Therefore, shear mode
fatigue crack extension is speculated to be different from that in the tensile mode, not only in its fatigue
crack extension path and mechanical driving force but also in terms of its fatigue crack extension
mechanism.

In this study, the authors introduced a sharp notch (pre-crack) into cold-rolled ferritic stainless steel
SUS430, which had texture, and they applied cyclic Mode Il loading. The results indicated that the process
of void initiation, growth, and coalescence in front of the crack proceeded with a cyclic external force; the
voids became secondary fatigue cracks and the crack coalesced with the main crack, which was the
mechanism of discontinuous crack propagation [13-15]. Further, the tensile mode fatigue crack extension
was named plastic deformation (PD) mode fatigue crack growth (FCG) based on the fatigue crack
extension mechanism, and the shear mode fatigue crack extension was named damage accumulation (DA)
mode FCP [13]. They were classified to extend the study of shear mode FCP from passive to FCP
simulation by coarse-graining the material based on the FCP mechanism, as in the case of plasticity-
induced crack closure simulation with residual PD in the wake of the fatigue crack tip in the PD-mode FCG
[16-20]. In addition, the conventionally used names such as Mode Il FCP [21], Mode Il FCG [22], and
shear mode FCG [23] are all based on the loading mode; these names are not based on the FCP
mechanisms.

In fatigue crack initiation, voids are initiated by the accumulation of positive and negative dislocations,
formation of vacancies, and accumulation of vacancies [24-28]. In the DA-mode FCP, secondary fatigue

cracks are initiated sequentially in front of the fatigue crack tip by void coalescence. Further, the nominal



cyclic shear plastic strain range AyP has been empirically used as a mechanical driving force for controlling
the fatigue crack initiation life of smooth specimens [29-32]. A high local plastic strain dominates the
phenomenon because fatigue crack initiation is a localized phenomenon. This can be explained by
considering that the nominal plastic strain dominates the localization of the local plastic strain. McDowell-
Dunne [33] introduced “fatigue indicator parameters” for fatigue crack formation in polycrystalline
microstructures and the concept of microplasticity within individual grains as a critical driving force
parameter. Castelluccio-McDowell [34] discussed averaging the driving force and concluded that grain-
based averaging is optimal. One question for materials with a crack is how to define the nominal cyclic
plastic strain in the case of strain concentration by the crack.

A mechanical driving force used to predict the DA-mode FCP can be a crack-induced, concentrated
[35] continuum plastic strain because the continuum plastic strain can be analyzed mechanically and is
reproducible. In conventional fracture mechanics, the intensity of a singular field at the crack tip is used.
However, the above-mentioned problem cannot be solved by simply assuming that the DA-mode FCP
occurs in this singular field. Further, it is possible that the change in the plastic strain range can be
obtaining the crystal information of the individual crystals near the crack tip and performing crystal
plasticity finite element method iterations [32, 33]. If the mechanical designer has access to all the crystal
information near the crack tip in the actual machine, the DA-mode FCP can be predicted from the
microstructure. However, this method cannot be currently employed in actual machines. Although the
concept of the nominal cyclic strain is extended in this study, continuum plastic strain is used in this study.
To this end, it is necessary to understand the relationship between the continuum strain distribution near the
crack tip and actual strain. The continuum plastic strain near the crack tip was distributed and varied with
the loading cycle. The following two issues necessary for the FCP simulation were solved. To predict
rationally, (1) in which region and at what timing in cyclic loading should the continuum plastic strain be
used? (2) How can the microstructure near the crack tip be quantitatively evaluated? In this study, the
authors focus on (1); (2) will be solved in the following paper.

It is preferrable to use a simple material for this study because it makes it easier to understand the



phenomena. To this end, cold-rolled SUS430 steel used in a previous study [13-15] was utilized; SUS430 is
a single-phase ferritic stainless steel that contains Cr, and neither Ni or Mo undergoes strain-induced
transformation. The cold-rolling process produces texture prone to the DA-mode FCP. Therefore, the
fatigue test method developed by the authors [13-15], which allows pure cyclic Mode Il loading while
observing crack propagation behavior, was adopted. Owing to the limitation of the test method, the strains
can be observed only in the unloaded condition. The plastic strain distribution in the loaded condition was
estimated from the observed results in the unloaded condition because the plastic strain range is necessary
for predicting the propagation behavior of fatigue cracks. Plastic strain observed by the digital image
correlation (DIC) method [36] was used as an observable engineering experimental strain (hereafter
referred to as the real plastic strain). Strain distribution analysis near the crack tip using the DIC method
was performed by Carroll et al. [37]. However, the resolution of the DIC method was several tens of
microns, and this is insufficient for this study. The low resolution is attributed to the Vickers indentation
used as the speckle pattern, which is a random pattern necessary for the DIC method. Tasan et al. [38]
performed a DIC method using the crystal microstructure revealed by etching as a speckle pattern; however,
the resolution was similar. In this study, the size of the plastic zone in the crack extension direction was
expected to be several tens of microns. Therefore, a more acceptable resolution was required. In this study,
the authors applied the u-DIC method [39-42] developed by Tasan et al. using colloidal silica as a speckle
pattern to observe the strain distribution in a narrow region near the crack tip. A spatial resolution of less
than micrometers can be expected because the particle size of the colloidal silica is approximately 50 nm.
Furthermore, DIC measurement conditions were optimized to correspond with the continuum plastic
strain distribution. The target measurement condition was the reference length in the engineering strain.
The micrometer-order deformation of the real material is affected by the microstructure and differs from the
deformation of a continuum body because the real plastic strain is for a real material; the setting of the
reference length strongly influences the measured plastic strain. Issue (1) is solved through the

measurement and analysis of the observable real plastic strain behavior.



2. Experiment method

2.1 Material

For the test, the authors used commercially available cold-rolled thin sheets of ferritic stainless steel
SUS430 with uniform thickness, which is the same material used in a previous study [13-15]. Table 1 lists
the chemical composition of SUS430. Tensile test specimens were cut from this plate to measure the rolling
direction (RD) and transverse direction (TD) properties. The dimensions of the parallel section of the
specimen were 25 x 6 x 0.03 mm. The Young’s modulus, 0.2% proof stress, and ultimate tensile strength
obtained from these specimens were 209 GPa, 1089 MPa, and 1078 MPa for the RD and 238 GPa,
1168 MPa, and 1226 MPa for the TD, respectively. The specimen in the RD direction failed before it
reached a sufficient strain to obtain a 0.2% proof stress. Therefore, the 0.2% proof stress is an estimated

value obtained by extrapolating the stress—strain relationship.

2.2 Fatigue test

The test method was the same as that proposed by the authors [13-15]. Figure 1 shows a schematic of
the test specimen [13]. The specimen was a thin film disc with a 3 mm diameter and 30 pm thickness and it
had a 400 um long notch made with a focused ion beam (FIB) [43] introduced in the center. The
longitudinal direction of the notch was set to be the same as that of the RD, where the fatigue crack is
known to propagate. The stress ratio was R=-1, and the shear stress applied to the test jig was
=200 MPa. The test jig was detached from the test machine after a specified number of cycles, and the
material behavior near the crack tip was observed using scanning electron microscopy (SEM). A JEOL JSM

IT-500 instrument was used as the SEM system.

2.3 DIC analysis

The plastic strain around the crack tip was observed using DIC analysis based on the SEM images,
and the change in the plastic strain as a function of the number of loading cycles was investigated. The
software used was VID-2D by Correlated Solutions, Inc. The DIC analysis was used, and because the

surface of SUS430 was not applicable to the DIC analysis by etching, a random pattern was added to the



surface using colloidal silica to create a speckle pattern required for the DIC analysis. All DIC analyses

were based on pre-test images shown in Fig. 2; i.e., the number of loading cycles was N = 0.

2.4 Cyclic Mode Il loading

The loaded shear stress in the fatigue test had a sinusoidal waveform. The cycles are defined as
follows: 0.25 cycle represent positive shear stress loading; 0.5 cycles, unloading; 0.75 cycles, negative
shear stress loading; and one cycle, unloading. The plastic strain was observed not only after one cycle of
loading, but also after 0.5 cycles of loading to observe how the difference between positive and negative

shear stress loading affects the plastic strain distribution.

2.5 Observation method

In the fatigue tests, the brightness, contrast, and focus of the image taken after the test and the
reference image at O cycles were adjusted to be the same to enable analysis using the DIC method with a
high degree of accuracy when the SEM was used to capture the image near the crack. The conventional
tests using the DIC method was performed using SEM [39-42]. However, in the present study, the test jig
was detached from the testing machine after a specified number of cycles, and near the fatigue crack tip
was observed using SEM. In the SEM observation, the inclination of the test jig affected the accuracy of
the DIC analysis. The flat surface of the gripping part of the test jig, which was used to attach the test jig to
the testing machine is shown in Fig. 1, and it was always horizontal during the SEM observation. In other
words, a jig was used to fix the circumferential rotation of the test jig using a level, and the flat surface of
the gripping part of the test jig was fixed horizontally when performing the SEM observation. In the
absence of this jig, the test jig rotated in the axial or circumferential direction, which changed the
observation area; as a result, a pseudo strain was observed throughout the observation area in the DIC
analysis.

The strain distribution in the region below the microstructure size was the target of the measurement.
Using the DIC method, the deformation from which strain values are calculated is affected by the

microstructure. Therefore, the reference length (length before deformation) set by the DIC method for



strain measurement affects the measurement results. Thus, a study was conducted to obtain an appropriate
reference length for the measurement results.

After the fatigue test, microstructural analysis using the electron backscatter diffraction (EBSD)
method was conducted to observe the state of the texture. The equipment used for the analysis was the
Hitachi High-Technologies SU6600. Inverse pole figure (IPF) maps of thin film specimens in the RD, TD,
and normal direction were obtained. The FCP plane was the TD plane because the FIB notch was

introduced parallel to the RD.

3. Results

3.1 Fatigue crack propagation

Figure 3 shows the FCP behavior as a function of the number of cycles, and the tip of the FIB notch
shows that the fatigue crack propagates as a function of the number of cycles. Therefore, the fatigue crack
propagated from the tip of the FIB notch according to the number of cycles. Further, the crack propagates

along the path where the shear stress is the maximum, which indicates the DA-mode FCP.

3.2 Evolution in shear plastic strain distribution according to the number of cycles N

Figure 4 shows the evolution of the shear plastic strain distribution for each number of cycles. In
Fig. 4(b), at N = 0.5, i.e., after positive shear stress loading and unloading, a region of negative shear strain
and a region of positive shear strain is observed in front of the FIB notch. In Fig. 4(c), positive and negative
shear stresses were applied after N = 1 cycles, i.e., the distribution of shear plastic strain was approximately
the same as N = 0.5, however, there was a slight change in the positive shear plastic strain region. Fig. 4(d)
shows that at N = 5 cycles, the shear plastic strain region spread in the crack growth direction compared to
the N =1 cycles. In the direction perpendicular to crack propagation, the shear plastic strain region was

extended to a lesser extent than the extension in the crack propagation direction.

3.3 Relationship between fatigue crack and shear plastic strain zone

Figure 5 shows the location of fatigue cracks initiated from the FIB notch superimposed on the shear



plastic strain distribution. At all times, the fatigue crack propagates in the region between the positive and
negative strains, wherein the residual strain is low. As shown in Fig. 5, the residual strain is present in the

wake of the FCP.

3.4 Relationship between shear plastic strain zone and “unit”

Figure 6 shows the IPF map obtained by the EBSD observation after the fatigue test (N = 20 cycles).
The authors proposed that dislocations accumulate because of cyclic shear loading in a region called “unit”
[13-15], which has the same crystallographic orientation that results in the DA-mode FCP [13]. Although
the crystal orientation is disordered because the observation is made after the fatigue test, Figure 6 shows
that there are “units” in which the (110) plane, which is a slip plane, is aligned, and the fatigue crack
propagates in the “unit.” In addition, the region of high shear plastic strain coincides with the region of the

“unit.”

4, Discussion

4.1 Appropriate reference length for the strain measurement by DIC method

Unlike strain in a continuum body, the strain in a real material with crystals has crystal-dependent
nonuniformity [44]. Therefore, it is necessary to compare the strains before and after deformation when
measuring the strain. However, the measured strain is affected by the length before deformation owing to
this nonuniformity. The reference length should be set carefully when measuring the strain using DIC.
Figure 7 shows the distribution of shear strains obtained by setting an inappropriate reference length. The
test conditions in Fig. 7 are the same as those in Fig. 4, but for a different specimen. Figure 7 clearly shows
an inappropriate strain distribution. The results used in this study were obtained by considering an

appropriate reference length.

4.2 Real shear strain estimation caused by cyclic pure Mode 11 loading
Shear strains obtained by the DIC method do not occur in the entire area of the same crystallographic

orientation, which is referred to as a unit, but in a part of the unit. This phenomenon indicates that the shear



strain is not uniformly distributed throughout the unit but is localized because of the slip of single or
multiple nearby slip planes within the unit.

Figure 8 shows a schematic of the evolution of the high-strain region with cyclic loading. As an
example of a high-strain region, the shear strain values were set to more than 2%. The figure shows residual
shear strain during the unloading. As shown in Fig. 8(a), tracing DIC measurement results and the shape of
the FIB notch shows that, for the N = 0.5 cycle, i.e., the first positive loading, a region of positive shear
strain is generated from the crack tip. This region changed its position with the loading cycle, and the crack
propagated between the positive and negative high-strain regions. In Fig. 8, the residual shear strain at the
unloading is small where the crack propagates, except during the initial period, which suggests that the
region is subjected to alternating positive and negative shear strains during cyclic loading. This alternating
effect reduced the residual shear strain during unloading.

As shown in the results and focusing on the shear strain caused by loading, each unit is composed of
several regions, and some of the regions have a high shear strain, and some have low shear strain. In the
following discussion, the authors refer to the regions of a unit as cells to simplify the complex phenomenon.
Thus, the behavior of a material subjected to cyclic loading is discussed by considering the material
composed of units and their constituent cells.

The measured shear plastic strain in the unloaded state is not sufficient to discuss the material
behavior of each cell; the shear plastic strain in the loaded state during one cycle (positive loading-
unloading-negative loading-unloading) is also required. Therefore, the shear plastic strain in each cell at
N =0.25 and 0.75 cycles, i.e., under loading conditions, is predicted based on the measurement results at
N =0.50 and 1.0 cycles. The targets were cells where fatigue cracks propagated (Cell 1, shown in Fig. 9)
and the cells where positive and negative shear plastic strains occurred (Cells 2 and 3).

The prediction was performed in three steps, as described below. Results obtained from measurements
indicate that the localized slip occurred near the crack tip. Therefore, (1) the authors first predicted the
shear stress under the assumption of a continuum body. In this procedure, a deformation easy to visualize is

first predicted instead of directly predicting the shear plastic strain, and based on this deformation, the shear



stress corresponding to the deformation is predicted. (2) The next step is predicting the shear stress
considering the localized slip that has occurred. (3) Finally, the shear plastic strain is predicted using the
stress—strain relationship.

As described above, this study did not directly deal with stress and strain, which are difficult to image;
however, it predicted deformations, which are easy to image and thus less likely to cause errors. This
method represents the originality of this study. Figure 9 shows the results of the final prediction of shear
plastic strain.

Figure 10 shows the predicted shear stress assuming a continuum body. As shown in the figure, the
correspondence between the gradient of deformation and the shear stress and the areas of positive and
negative shear stress are equal when unloading. Figure 11 shows the predicted shear stress based on Fig. 10
considering the slip in each cell and other regions where local shear strain occurs. Finally, Fig. 12 shows
the evolution of the relative shear plastic strain as a function of the number of cycles for each cell, which
summarizes the above results.

The experiment results yield the evolution of the shear plastic strain in each cell near the crack tip.
Based on the results, the behavior of shear plastic strain, which is the basis for the non-reproducible
phenomenon of fatigue crack extension, is divided into non-reproducible and reproducible sections. For the
division, the authors introduce the following assumptions: First, the fatigue test results show that the
generated shear plastic strain is already high in the first 0.5 cycles. Subsequently, the magnitude of the
shear plastic strain is increased with the number of cycles in the same region. Therefore, the cause of the
variation in the FCP behavior may be attributed to the distribution of plastic shear strain that occurs up to

the first 0.5 cycle.

4.3 Damage accumulation mode fatigue crack propagation mechanism described by real shear
plastic strain
Shear plastic strain distribution obtained from the present experiments is considerably different from

the strain distribution obtained by continuum mechanics under static loading [5]. Further, the effects of
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cracks and crystal microstructures are different in monotonic and cyclic loading processes.

The DA-mode FCP mechanism is determined using the estimated plastic strain behavior as follows:
The DA-mode fatigue cracks propagated in the region where the real shear plastic strain was the maximum
during a quarter cycle (at the first maximum loading). During the quarter cycle, real plastic strain is almost
constant in the unit cell, i.e., in the FCP unit. Thus, fatigue cracks are initiated, coalesced, and propagated

because of the strain localization caused by cyclic loading in the unit cell.

4.4 Evaluation strategy for damage accumulation mode fatigue crack propagation

In the previous section, an FCP mechanism was described using real strain behavior. Therefore, the
mechanical driving force of FCP in the DA-mode can solve issues discussed in the introduction. Figure 13
shows a specific evaluation policy, wherein the evaluation method is constructed along the black line, and
the prediction is carried out along the red dashed line.

The behavior of each element is expressed as continuum body behavior and real material behavior.
The behavior of a real material can be observed visually; however, it cannot be predicted using only the
visually observed results. The causes required to solve this issue remain invisible; further, the authors
introduce meso-behavior between macro-behavior and micro-behavior for the generalization. Macroscopic
behavior varies greatly with individual conditions, whereas microscopic behavior is generalizable but too
far away for individual boundary conditions in the issue. Thus, for generalization, it is necessary to
consider the intermediate behavior of the meso-behavior.

The cause of the FCP is assumed to be the average continuum strain based on the strength mechanism
of the real material behavior. The strength characteristics of real materials are described by the relationship
between the number of crack initiation cycles N; and the average continuum strain A¢® (AyP). The average
continuum strain was derived from the external force of the actual material to predict the FCP. It is
necessary to consider the microstructure of the actual machine because the DA-mode FCP is greatly
affected by the microstructure. However, the observed microstructure cannot be directly considered for the

material at the crack tip, which is related to crack propagation, because the microstructure of an actual
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machine is complex. Thus, it is necessary to extract only the essence of the material to be considered. In
other words, coarse graining was necessary. The lifetime of an actual machine can be predicted by
combining the strength properties and coarse-grained material properties with the average continuum strain,
which is the mechanical driving force.

The demonstration of the strategy described above for evaluating the DA-mode FCP will be presented

in the authors’ future study.

5. Conclusions

The DA-mode FCP is based on the initiation and coalescence of voids attributed to cyclic loading. It is
necessary to establish the mechanical driving force for the FCP to predict the fatigue life. In this study, the
u-DIC method was used to observe the evolution of the real plastic strain distribution near the crack tip
depending on the number of loading cycles to understand the real strain behavior corresponding to the void
behavior under cyclic loading. The strain can only be measured during unloading because of the limitation
of the test method, and therefore, the evolution of strain distribution under cyclic loading was estimated
based on the measured strain distribution during the unloading and mechanical discussion. Thus, the
following FCP mechanisms described using real strain behavior are clarified.

1) DA-mode fatigue cracks are propagated through the maximum real shear plastic strain region in the
first quarter cycle (at the first maximum loading).
2) During a quarter cycle, the real plastic strain is almost constant in the cell, which is the unit of
propagation.
3) Fatigue cracks are initiated, coalesced, and propagated because of strain localization caused by cyclic
loading in the cell.
As described above, the FCP mechanism can be described using the real strain behavior, which provides
opportunities to use the continuum plastic strain near the crack tip as the mechanical driving force for DA-

mode FCP.
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Fig. 2 Around FIB notch chip (N = 0 cycle)
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Fig. 4 Shear strain behavior during cyclic Mode II loading. 7, =200 MPa and R = —1.
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Fig. 9 Introduction of small cell in Fig. 8 and shear strain y,, on each cell during cyclic loading.



Shear stress

Deformation

| A I |
» T IS T
[N YA A (| I A
#__ ey __«
I S
IR g
LA N -
I Insa N n) A
I I I A~
NG
k?_____;
L R N I

T —t

bbb
A
P il T el

Q
R
P T
Pl b

|

Deformation

=0)

0.50 (2

(b) N

0.25 (z2 = +10)

(@) N

e I R N

1T
b
b

Shear stress

Deformation

Shear stress

Deformation

:0)

(d)N=1.0 (2=

075 (Too = _TO)

()N

Fig. 10 Estimated shear stress 7, distribution on constant x line ahead of crack tip

during cyclic loading.

10



o

S DU I

oL

Deformation Shear stress Deformation Shear stress

(a) N = 0.25 (., = +10) (b) N=0.50 (2 = 0)

Deformation Shear stress Deformation Shear stress

(©) N=0.75 (t = —10) (d) N =1.0 (z = 0)

Fig. 11 Estimated shear stress 1z, distribution on constant x line ahead of crack tip

during cyclic loading considering slips.

11



Relative plastic shear strain, %(yp

—6 | :gg”% Solid mark: Measured 4
| A Cell 3| Open mark: Assumed i
_ 1 | 1 | 33 L
%.0 0.5 1.0 < 5.0

Number of cycles, N

Fig. 12 Estimation of plastic strain changing each small cell.

12



Cause, invisible

Behavior of actual material, visible

|Same microstructure|

Stress—strain

I—I—|
Macro External force ||External force Strength Strength | |Microstructure | |Fatigue life
of specimen of actual mechanism property of actual of actual
machine machine machine
T T A
1 1 1
____ 21+ Incidental condition : :
! - Coarse graining 1 1
v ¥4 of material v v v !
Meso Mean continuum strain |:_ e Damage Coarse graining 1
} ! : Ni| S of material :
Strain t—--- 1 |Actual strain AP at crack tip !
concentration L field T | [
Continuum body of a crack,| | | yelic ocla tzation : :
Plastic strain field : : I :
|
ﬁ 1 | 1 1
1 | a - 1
- Dislocation :
Micro Continuum body, L ! :
1
1
1

: Prediction flow

=

: Construction rowJ

________________________

Mechanical driving force |
= Material strength

Fig. 13 Damage accumulation mode fatigue crack propagation evaluation strategy

13




Table 1 Chemical composition of JIS-SUS430 [mass%]

C Si Mn p S Cr Fe
<0.12  <0.75 <1 <0.04 <0.03 16-18 Bal.
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