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Nomenclature
a: Crack length

aactfin: Final crack length measured by optical microscopy
aactini: Initial crack length measured by optical microscopy
acalfin: Calculated final crack length

acal,ini: Calculated initial crack length

B: Specimen thickness

C: Compliance

da/dN: Crack propagation rate

E: Young’s modulus

k: Force shedding rate

Kmaxth: Maximum stress intensity factor under the threshold condition
Kmin,th: Minimum stress intensity factor under the threshold condition
Kop,th: Crack opening stress intensity factor under the threshold condition
L: Gauge length (distance between grips)

P: Applied force

Pmax : Maximum applied force

Pmin: Minimum applied forces

R: Force ratio = Pmin/Pmax

V: Loading point displacement

W: Specimen width

Aa: Crack extension

AK: Stress intensity factor range

AKesr: Effective stress intensity factor range

AKin: Stress intensity factor range under the threshold condition

en: Back face strain
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Abstract

Experimental techniques for measuring the crack length and crack closure behavior of single
edge crack tension [SE(T)] specimens with fixed ends were developed with compliance method
employing a high-resolution laser displacement meter together with data processing for noise
elimination. Then, an automatic force-shedding fatigue crack propagation test system was developed.
Using this system, we measured the crack length and crack closure behavior of thin films with a
thickness of 5 or 10 um and width of 10 mm, with which the accuracy of crack length measurement
was better than 0.46 mm. The crack closure behavior could also be identified by the compliance
method. The relationship between the crack propagation rate da/dN and the stress intensity factor
range AK for nanocrystalline (NC) and ultrafine-grained (UFG) thin film was independent of the force
ratio, and the relationship for the 10 pum-thick film was almost identical to that for the 5 pum thick
film.  No crack closure was observed in the UFG and NC thin films, whereas it occurred in the
medium-size-grained (MG) thin film. The da/dN—-AKes relationships for thin films were independent
of the force ratio and film thickness. In the Paris law region, da/dN for the MG film was higher than
that for an MG plate at comparable AKes, showing that crack closure could not account for the
thickness effect. However, no difference in AKesth Was observed for both the MG film and the MG
plate. In the Paris law region (Region B), no effect of grain size on the da/dN-AK relationship was
observed for the 10-pum-thick film; however, the crack propagation rate was higher for a film with
smaller grain size and thickness from 100 to 180 um. For NC and UFG films, the crack propagation
rate of the 100-um-thick film was higher than that of the 10-pum-thick film, but it was almost identical
for MG films; however, the rate for a thin film was higher than that for a bulk plate. The threshold

stress intensity factor range was always lower for a film with smaller grain size.
1. Introduction

The nanocrystallization of metals and alloys is one of the most promising techniques for
improving their strength [1-5] and resistance to wear because grain refinement usually leads to an
increase in strength [6, 7], and their thin films are now being widely used for micro-electro-
mechanical systems. The electrodeposition method will be the easiest method of obtaining a uniform
nanocrystalline structure in thin films [8, 9]. Before nanocrystalline thin films can be widely used in
engineering applications, their damage tolerance should be guaranteed, especially their fatigue crack
propagation resistance.

It is well known from fracture mechanics studies of conventional bulk metals and alloys that
the fatigue crack propagation resistance usually decreases with grain refinement and an increase in
force ratio [10], especially in the region near the threshold. These effects have been explained by the

crack closure mechanism. The threshold stress intensity factor range is one of the most important
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fatigue properties in damage tolerance design, and its determination requires the AK-shedding test
employing computer-aided automated crack length measurement, which is designated by ASTM as
E647-15 for bulk materials.

In the study of fatigue crack propagation, an automated crack length measurement system is
required to reduce experimental cost, obtain high accuracy [I1], and facilitate testing under stress-
intensity-factor (K) control. Techniques, such as the compliance, electrical potential drop, acoustic
emission, and ultrasonic methods, have been used for the measurement of long cracks [12]. Of these,
the compliance and electrical potential drop method are considered to be superior for the quantitative
measurement of crack length and suitable for the automated fatigue crack propagation test because
the measured values can be easily converted to digital values without the needs for complicated
procedures. The electrical potential drop method may be the simplest technique for crack length
measurement in which both direct current (DC) and alternating current (AC) may be used. The DC
method is more commonly used because the apparatus is simple, and analytical calibration
relationships may be more readily obtained. The DC methods are somewhat limited, however,
because of their sensitivity to thermally induced electromotive force or potential associated with the
thermocouple effect at junctions of dissimilar metals. Moreover, high current is needed to achieve
the desired sensitivity. AC systems utilize a lock-in amplifier with excellent noise elimination
capabilities to measure electrical potential drop [13-16]. Because of the high signal-to-noise
capability of the lock-in amplifier and its operation as a tuned amplifier, the AC systems can be
operated at lower current levels than equivalent DC systems and are insensitive to the thermally
induced DC electromotive force [13-16]. However, the crack closure behavior cannot be monitored
by the electrical potential drop method because it is difficult to separate the effects of crack closure
from those of crack tip plasticity, and electromagnetic induction between crack faces which occurring
in AC systems [16].

Compliance methods have been widely used for measuring the crack length and crack closure.
These methods are based on the measurement of the crack opening displacement or strain. For
bending-type specimens such as compact [C(T)] and four-point bending specimens, the change in
far-field compliance with crack extension is large enough to measure the crack length and crack
closure. Nakabo et al. successfully measured the crack length for four-point bending specimens by
measuring the compliance with piston displacement [17]. However, these methods employ the
compliance evaluated near the crack for axial-loading-type specimens such as middle tension
(MT(T)) [10] and single edge crack tension (SE(T)) specimens because the change in far-field
compliance with crack extension is extremely small. Shape and Su developed a technique using a
laser-based interferometric strain/displace gauge [18], and this technique was applied to crack closure
measurement of an axial-loading-type bulk specimen [18-20]. However, it cannot be applied to thin
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films because it requires two closely spaced indentations pressed into the surface of a specimen with
a Vickers microhardness tester.

Since compressive stress is generated within bending-type specimens and causes buckling of a
thin film, SE(T) specimens have usually been employed in the fatigue crack propagation test of thin
films; however, it is impossible to install a displacement or strain gauge on the specimen near the
crack without causing a serious change in the stiffness of the specimen. Griinewald et al. successfully
measured crack lengths of micro specimens by the compliance method using the nanoindentation
module of a scanning electron microscope. In their experiments, no crack closure behavior was
observed [21].

Visual methods, such as optical microscopy, are the most conventional methods for crack length
measurement [22—-26], and scanning electron microscopy is also employed for the measurement in
fatigue crack propagation tests. Recently, the visual method aided by the digital image correlation
(DIC) is developed for crack length measurements [27]. Crack closure is also measured by the DIC
method [26-28]. However, these visual methods are not suitable for in situ automated fatigue crack
length measurements because of the long processing time that makes the fatigue crack propagation
test cumbersome.

In a review of the propagation of short fatigue cracks, Suresh and Ritchie pointed out that the
application of fracture mechanics to the propagation of fatigue cracks implicitly indicates that the
concept of similitude is valid and that the governing parameter, such as the stress intensity factor K
or the J -integral, used to correlate crack propagation rates fully describes the stress and deformation
fields in the vicinity of the crack tip [29]. This similitude concept implies that, for two cracks of
different sizes subjected to the same stress intensity factor (under small-scale yielding) in a given
material-microstructure—environment system, crack tip plastic zones are equal in size and the stress
and strain distributions along the borders of these zones (ahead of the crack) are identical. This 'lack
of similitude' problem arises for a number of reasons including the existence of (i) local
microstructural features that do not substantially alter the propagation of large cracks but can interact
strongly with small cracks because they are of comparable size (microstructurally short cracks) [30—
33], (ii) differences in the crack closure behavior (physically/mechanically short cracks) [34-42], and
(iii) differences in the local crack tip environments (chemically short cracks) [43-51]. In testing of
bulk materials in an inert environment, the crack closure effect is the most influential factor
underlying the breakdown of the similitude concept, whereas the microstructural effect appears only
for very short cracks. For a low-dimensional specimen, which is employed for micro-electro-
mechanical systems, made of conventional materials, however, the microstructural effect should be
considered in the application of fracture mechanics to fatigue crack propagation [21], where the low-

dimensional specimen is defined as having at least one size of specimen is small compared with the
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bulk specimen. Nanocrystalline materials can mitigate the breakdown of the similitude concept
owing to the microstructural effect and expand the application of fracture mechanics to fatigue crack
propagation. In addition, the nanocrystallization of microsamples can be expected to strengthen
micro-electro-mechanical systems.

On the other hand, Kondo et al. [52] reported that fatigue damage in submicron-thickness
copper films differs from that in bulk materials. Then, the study of fatigue crack propagation on a
thin film, which is a low-dimensional material, brings about another factor that can affect the
breakdown of the similitude concept regardless of crack length, whereas most of the previous studies
on electrodeposited nickel films were focused on the effect of nanocrystallinity. Unfortunately, the
thickness effect has not been considered, and sheets thicker than 100 pm have been employed for the
study of fatigue crack propagation in nanocrystalline metals.

The effect of grain size on the fatigue crack propagation rate in the Paris law region (Region B)
of an electrodeposited nanocrystalline nickel sheet was studied by Hanlon et al.[23] and Cavaliere
[26] under a constant imposed cyclic force range, and they found that the rate was higher for a smaller
grain size. Sangid et al. measured the crack closure of a nanocrystalline sheet, wherein the crack
opening displacement was measured as a function of the distance from the crack tip at five force
levels [27], although ASTM E647-15 suggests that each segment span for calculating compliance
offset should be 10 % of the cyclic force range. This means that more than twenty sampling points
are required for unloading half a cycle because more than two sampling points are necessary to
calculate compliance in each segment span. To determine the fatigue crack mechanism, Xie et al.
measured the striation spacing and associated shear band width, and found that both increased with
crack length in the Paris law region [24]. This result was obtained by a constant-applied-force range
fatigue test; as a result, the crack propagation rate was found to be higher than 10° m/cycle (Region
B). Tanaka et al. conducted the force shedding fatigue crack propagation test of a nanocrystalline
nickel thin film with a thickness of 10 um to examine the effect of grain size on the threshold
condition. The crack length was optically monitored under a digital microscope and force shedding
was conducted manually [25].

In the present study, an automated fatigue crack propagation test system, which enabled the
force shedding fatigue crack propagation test for a self-standing SE(T) thin film, was developed, in
which the crack length and crack closure were monitored by the compliance method utilizing a high-
—resolution laser displacement meter and data processing technique for noise elimination. By
utilizing this system, we investigated the effects of grain size, specimen thickness, and force ratio on
the fatigue crack propagation behavior of 5- and 10-um-thick electrodeposited nanocrystalline nickel
films, ultrafine-grained nickel films, a medium-size-grained nickel film, and a bulk nickel plate. Then,
the effects of grain size, specimen thickness, and force ratio were examined and the role of crack
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closure in these effects was examined. For a specimen with small width, it is impossible to obtained
the threshold condition using the force shedding rate designated in ASTM E647-15 because of the
conservativeness of this designation. To obtain the threshold values of specimens with small width,
the validity of a high force shedding rate was confirmed using a bulk C(T) specimen. The results for
thin films were compared with those reported by other groups to clarify the validity of the present

system.
2. Materials and Experimental Procedure
2.1. Specimens

The shape and dimensions of the (a) C(T) and (b) SE(T) specimens are shown in Fig. 1, where
the C(T) specimen was made of a commercially pure nickel plate with a thickness of 1.5 mm, named
the MG plate, and the SE(T) specimen was made of either a medium-size-grained commercially pure
nickel thin film, named the MG film or an electrodeposited nickel thin film, named nanocrystalline
(NC) or ultrafine-grained (UFG). The initial notch with a length of 2.5 mm in the SE(T) specimen
was formed using a utility knife, and the SE(T) specimen was glued to the grips of the test machine,
where the distance between the edges of grips was set to 30.0 mm.

2.2. Materials

Nickel thin films were prepared by electrodeposition using sulphamate solution [25]. The
composition of the solution in g/L was as follows: 250 Ni(SO3NH2)2 (nickel sulphamate), 30 H3BOs
(boric acid), 10 NiCly (nickel chloride), and 0.4 CH3(CH2)10CH20H (sodium lauryl sulphate).
C3HsNaO3S (sodium allylsulfonate) at the amount of 0 or 0.8 g/L was added to the solution to control
the microstructure of the electrodeposited thin films. A polished stainless-steel plate and a
commercially pure nickel plate were employed as the substrate (cathode) and anode, respectively.
The temperature of the hot-water circulation bath was maintained at 40°C. The pH of the solution
was maintained at 4.0 by adding H2NOsS (sulphamate acid). The solution was stirred with a magnetic
stirrer to prevent pit formation. The current density was maintained at 0.25 mA/mm? by supplying a
constant current. The deposition times were 15 and 30 min to obtain the thicknesses of 5 and 10 pm,
respectively.

After deposition, the thin films were removed from the substrate (cathode plate) and used in the
fatigue crack propagation test as free-standing films. The inverse pole figure (IPF) maps obtained by
electron backscatter diffraction (EBSD) analysis of the electrodeposited thin films with thicknesses
of 5and 10 um, the MG thin film with a thickness of 10 um, and the bulk MG plate with a thickness

of 1.5 mm are shown in Figs. 2 and 3, where the film obtained by adding sodium allylsulfonate at the
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amount of 0.8 g/L is named the NC thin film; the UFG thin film was fabricated without adding sodium
allylsulfonate. As shown in Fig. 2, the grains in the NC thin film are randomly orientated in all
directions. Grains on the substrate side of the UFG thin film are also randomly oriented, whereas
those on the solution side have a texture with the (001) axis in the direction normal to the film surface.
The microstructure of the solution-side surface of the 5-um-thick film is similar to that of the
midsection of the 10-um-thick film. The orientation of grains in the bulk MG plate is also random.

The grain sizes on the solution side are 0.186 pum for the NC thin film, 0.789 um for the UFG
thin film, and 17.0 um for the bulk MG plate [53]. In the UFG thin film, the grain size on the solution
side is larger than that on the substrate side, whereas a similar structure to the solution side is dominant.
Since the IPF maps of the MG thin film shown in Fig. 3 (a) indicate a poor quality owing to its high
dislocation density, it is difficult to evaluate the grain size of the MG thin film. Since the number of
grains contained in the same area in Figs. 3 (a) and (b) is almost the same, the average grain size of
the MG thin plate must be almost the same as that in the MG plate (17.0 um). On the other hand,
grains in MG film are elongated along the rolling direction, which is perpendicular to the loading
direction. The 0.2 % proof strength and tensile strength are 1065 MPa and 1690 MPa for the NC thin
film and 469 MPa and 768 MPa for the UFG thin film, respectively [53].

To elucidate the effects of nanocrystallization and thickness on the fatigue crack propagation
behavior, C(T) specimens made of commercially pure nickel with a width of 18 mm and a thickness

of 1.5 mm were also prepared for comparison.
2.3. Fatigue test

The crack propagation tests were conducted under stress-intensity-factor-range (AK)-controlled
conditions using a computer-controlled electrodynamic testing machine. The appearance of the
fatigue test machine and the configuration of the system are shown in Figs. 4 and 5, respectively,
where the loading capacities were 50 N for the SE(T) specimen, and 500 N for the C(T) specimen.
The test system was set on an antivibration table in a sound-shielded room. The room temperature
was controlled to 24+1 °C. The accuracy and linearity of each load cell (Showa Measuring
Instruments RCB-50N and RCB-500N) were better than +1 % and 0.15 % of the rated output,
respectively. The range and linearity of the laser displacement meter (KEYENCE LK-H025) were
+3 mm and 0.12 um, respectively. Displacement between the specimen grips was measured using a
caliper with the resolution of 0.01 mm. The resolution of the travelling microscope used for the optical
measurement of crack length and initial notch length was 0.01 mm. The thickness of specimen was
measured using a high-accuracy micrometer (Mitutoyo, Digimatic micrometer) with the resolution
of 0.1 um. Sinusoidal loading waves with force ratio R ranging from 0.1 to 0.7 at the frequencies (f)

of 10 Hz for the SE(T) specimen and 60 Hz for the C(T) specimen were employed for cyclic loading.

8
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The crack lengths were continuously monitored in terms of compliance between the applied force
and the loading point displacement, i.e., displacement between the grips, for the SE(T) specimen. For
the C(T) specimen, the back-face strain was measured to determine the crack length by the
compliance method. The crack closure behavior was also monitored by the compliance method for
both specimens. The compliance C = dV/dP (SE(T) specimen) or dep/dP (C(T) specimen) is defined
as the inverse slope of the linear part of the relationship between the applied force P and the
displacement between grip ends, V, or the back-face strain . V was measured using a high-resolution
laser displacement meter, and &, was measured using a strain gage with a length of 2.0 mm glued to
the back face of the specimen.

The stress intensity factor K and compliance C for the SE(T) specimen under pin loading, i.e.,
without a remotely applied bending moment, can be found in handbooks [54, 55] and given in a
simple form. Since pin loading is not possible for thin films, the specimen is usually glued to the
grips of the test machine. In this case, rotation of the specimen at the grips is not allowed. Therefore,
the specimen is subjected to not only the applied force, but also the bending moment from the grips.
The stress intensity factor K and compliance C for the SE(T) specimen under fixed end displacement

without rotation can be calculated as follows [56].

_PJna 6 W@ )R

K= BW F"@{l W[L/W+6IM(§)) Fp(a)} 1)
vV 1]L 121,,,(E)?

=—=—| =42, ()M @)
S e

Here, W is width, B thickness, a crack length, P applied force, V loading point displacement, L gauge
length (distance between grips), E Young’s modulus, § =a/W, and

3
0.752 + 2.02¢ +0.37 {1—sin(’fj}

_ |2 [ ™
(&) = ngta”(zj cos(“@j

2

0.923+ 0.199{1—Sin (Tfaj}
=) 2

2 cos(naj
2
1, (£) = exp(8.68¢ — 3.896)
I, (€) =exp(6.570£-3.846)  (0.25 < &< 0.75). )
Iy (€) =Xp (7.613}3J —3.872)

@)

Fu (&) = n%tan(

In most of previous works, the stress intensity factor K was analyzed by the finite-element

9
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method (FEM) for a fixed L/W value.
The stress intensity factor K and the compliance C =¢p/P for the C(T) specimen were calculated
using [54,55],
K =P /BJW -F(€) (5)
(2+£)(0.886 +4.64¢ —13.328% +14.72E° —5.65")

F (&) = 6
9 m (6)

a= (1.0386 —2.7616C, + 1.5008C,’ )W , (7)

where gp is the strain at ‘Point A’ in Fig. 1 (a), and
C, =1/(\ECBW +1). )

For both specimens, Young’s modulus was determined from the measured initial compliance and the
initial crack length aactini Which was measured by optical microscopy, to ensure that the calculated
initial crack length acaini agreed with aactini. Since the crack length is not given as an explicit function
of the compliance, it was calculated by the Newton—Raphson method using Eq. (2), where the
derivative of Eq. (2) was calculated numerically. After the fatigue crack propagation test, the crack
length calculated using Egs. (2) and (7), aca, was modified by the following equation to ensure that
the modified final crack length agreed with that measured by optical microscopy, @actfin.

a

a= act,fin
a

cal,fin

—a

act,ini
_a (acal ~ et ni ) T et ini (9)

cal,ini

where acaifin is the calculated final crack length. Owing to the definition of E, a i, =

Aact,ini -
Figure 6 shows the relationship between the compliance and crack length for the SE(T)
specimen under the condition of fixed end displacement and for the C(T) specimen. The change in
compliance with crack extension for the SE(T) specimen is much less than that for the C(T) specimen,
indicating that a special technique is required for measuring the crack length and crack closure of the
SE(T) specimen. The change in the compliance of the SE(T) specimen with the width of 10 mm
upon a 50 um extension of the crack was evaluated from Eq. (2), and the results are shown in Table
1. Since this extension occurs under a constant applied force range in a stepped force shedding test,
the change in compliance means a change in the displacement range, indicating that less than 0.25 %
accuracy is required to detect 50 um extension of crack. Since the intensity of white noise can be

eliminated by averaging, both force and displacement signals at the same phase were superimposed

for more than 1000 successive cycles. The noise level can be reduced to less than 1/+/1000 times

[57, 58]. After the averaging, both force and displacement signals were parabolically smoothed by
simplified least-squares procedures proposed by Savitzky and Golay [57, 59]. This method involves

fitting a second-order polynomial to sets of seven successive data points, where each signal had 287

10
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data points in each cycle.

The fatigue crack propagation tests were conducted in ambient air with decreasing AK while
keeping the force ratio R constant using a control computer that automatically reduced the force range
immediately after the calculated crack extension Aaca at each applied force step exceeded 50 pm for
the SE(T) specimen, where R is the ratio of the minimum applied force to the maximum applied force
during one fatigue loading cycle. The force shedding rate k defined by the following equation was
determined to be -0.30 mm for the SE(T) specimen; this leads to the force reduction rate at each

crack extension Aaca of 50 um being 1.5 %.

() @
AK da

For the C(T) specimen, Aaca was either 25 or 50 um, and k was -0.08, -0.4, or -0.8.

The force shedding procedure is illustrated in Fig. 7, and was conducted using the calculated
crack length. Force shedding was performed the first time when the calculated crack extension
exceeded the predetermined value, Aao, or the elapsed time At exceeded 10 h. Because there are
small differences between the actual crack length and the calculated crack length and between Aacal
and Aao, force shedding was not strictly conducted at the predetermined value of k in Eq. (10).
However, as will be described later, k did not affect the da/dN-AK relationship for -0.08 > k > -0.8.

In the analysis of the da/dN-AK relationship, the average crack length was employed where the
modified crack length was averaged over each Aag interval. da/dN was calculated by the incremental
polynomial method. This method involves fitting a second-order polynomial to sets of five successive
data points. The crack propagation rate da/dN was obtained from the derivative of the above
polynomial, as recommended in ASTM E647-15.

In the fatigue crack propagation test, the modified crack length at the threshold was equal to the
final crack length measured by optical microscopy; then, the threshold stress intensity factor range

was always evaluated using the optically measured crack length and measured applied force.
3. Experimental Results
3.1. Crack length and closure measurement of SE(T) specimen

Figure 8 shows examples of the force—displacement curves obtained by the force shedding
fatigue crack propagation test of the SE(T) specimen under the loading frequency of 10 Hz. These
curves were obtained by averaging over 1000 cycles to eliminate electrical noise. Every curve shows
strange behavior around the mean force position, where the speed of specimen movement was the
highest under sinusoidal loading. To confirm that this strange behavior is due to the high-speed

movement of the specimen, the effect of loading frequency was examined, and we found by

11
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comparing Figs. 8 and 9 that the strange behavior attenuated with decreasing loading frequencies.
Neither mechanical loosening nor wrinkling of the film could be responsible for the strange behavior
because it occurs at a different force level and depends on the loading frequency. One possible cause
of this strange behavior is the fluttering of the film at the crack mouth owing to the movement of the
film in air; this may generate aerodynamic force such as a Karman vortex.

There is a slight difference in the slopes of the P-V relationship between the regions higher and
lower than the strange behavior. This difference is attributed to a change in rigidity caused by factors
other than crack propagation and/or crack closure. However, the change in rigidity can be made
negligible by correcting Young's modulus so as to match the initial calculated crack length with the
actual initial crack length. Then, the compliance C is evaluated in a region higher than the strange
region to calculate crack lengths using Egs. (2), (3), and (4). These are indicated by circles in Fig.
10, and diamonds indicate the modified crack length obtained using Eq. (9), where the actual crack
length was measured by optical microscopy during the fatigue crack propagation test. The difference
between the actual and calculated crack lengths was found to be less than 0.46 mm, and the average
difference was 0.26 mm with the standard deviation of 0.15 mm. This result was obtained by
interrupting the fatigue tests for the optical measurement of crack length, which induced additional
error. In continuous monitoring, the scatter of data may be smaller than that indicated in Fig.10, but
systematic error may still exist.

The accuracy of the present method must be independent of specimen thickness because the
displacements are identical for two specimens of different thicknesses subjected to the same stress
intensity factor (under small scale yielding) with a similar two-dimensional shape including crack
length. Consequently, an appropriate load cell should be employed because the applied force for the
same stress intensity factor is proportional to the specimen thickness; however, the condition given
by Eq. (10) restricts the limitation of specimen width, i.e., for specimens with small width, crack
length reaches the specimen width before reaching the threshold condition.

Figure 11 shows an example of a crack propagation curve where the modified crack length was
averaged over each Aagp interval.  Although the standard deviation from the seventh-order polynomial
regression curve is 25 pum, further systematic deviation from the actual crack length may exist.
However, no serious error is observed in the measurement of the threshold stress intensity factor
range because the modified final crack length calculated using Eq. (9) is exactly the same as the crack
length measured by optical microscopy.

The crack closure behavior was evaluated after the fatigue crack propagation test. An example
of the measured crack opening force used to determine the effective stress intensity factor range AKes
is shown in Fig. 12. AKess was obtained under the threshold condition of the MG thin film at the force
ratio R of 0.1. Figure 12 (a) is the force—displacement curve and Fig. 12 (b) shows the deviation of
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displacement from the linear part of (a) indicated by the dashed line [60]. Here, linear approximation
was performed above the applied force at which the crack is considered to be opened, and included
the strange part to evaluate the crack opening force because the change in compliance due to crack
opening was much larger than that due to crack closure.

Figure 12 (b) shows that the crack opening force, and hence the effective stress intensity factor

range AKesr of the SE(T) specimen, can be successfully evaluated by the compliance method.
3.2. Fatigue crack propagation behavior of bulk MG plate

The fatigue crack propagation behavior of the C(T) specimen is shown in Fig. 13, where (a)
shows the relationship between the crack propagation rate da/dN and the stress intensity factor range
AK and (b) shows the relationship between da/dN and AKesr. AK and AKesr were calculated by
substituting AP and APes for K in Eq. (5), where AP and APes are defined in Fig. 12 (b).

ASTM Standard E647-15 designates that k defined by Eg. (10) should be larger than -0.08.
However, it is difficult to reach the threshold condition for a small specimen when employing k > -
0.08. The physical meaning of k > -0.08 is that the force shedding rate

Pt = Fnaxa —kAay <0.02 (11)

P max1
should be satisfied when each crack extension Aap is 250 um, where Pimax and Pmax2 are the applied
forces before and after force shedding, respectively. ASTM E647-15 designates that a rate lower than
0.02 given by Eq. (11) corresponds to continuous force shedding.

To ensure a valid da/dN-AK relationship with more rapid AK shedding, the condition given by
Eq. (11) was maintained whereas the effects of k and the shedding interval Aap were examined for
more rapid AK shedding. The results for R = 0.1 shown in Fig. 13 prove that an almost unique da/dN—
AK relationship can be obtained as long as the condition given by Eq. (11) is satisfied and k < -0.08.
Then, k =-0.4 and Aap = 50 um were employed in experiments at other force ratio R values for the
C(T) specimen, and k = -0.3 and Aao = 50 um for the SE(T) specimen.

Figure 13 (a) shows that the crack propagation rate da/dN at the same AK is higher and the
threshold stress intensity factor range AK is lower at higher force ratios, although no effect of the
force ratio is observed in the da/dN-AKes relationship, as shown in Fig. 13 (b), indicating that the
effect of the force ratio can be attributed to crack closure [10, 61].  Figure 14 shows the stress
intensity factors under the threshold conditions, Kmaxth, Kminth, and Kop,th as a function of R, where the
subscripts mean the values at the maximum force, minimum force, and crack opening force in each
loading cycle, respectively. Since Kmaxth and Kop are constant independent of R for Kmin,th < Kop,th,
AKefth = Kmaxth — Kopth 1S also independent of R, although AKi depends on R. The invariance of

Kop,th Strongly supports the roughness-induced crack closure mechanism [62].
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3.3. Fatigue crack propagation behavior of thin film

Figure 15 shows the da/dN-AK relationships of the electrodeposited thin films with a thickness
of 10 um, where (a) and (b) show the relationships for the UFG and NC thin films, respectively. For
both materials, the force ratio R showed no effect because the crack did not close, as shown in Fig.
16; then, AK = AKGeft.

The da/dN-AK relationships were examined for the films with thicknesses of 5 and 10 pum
under the force ratio R of 0.1, as shown in Fig. 17. There is no effect of the specimen thickness.
Since no crack closure was observed in films of either thickness, AKefs was equal to AK.

Figures 18 (a) and (b) show the effects of force ratio on da/dN-AK and da/dN-AKe
relationships for the MG thin film with a thickness of 10 um. The da/dN-AK relationship depends
on the force ratio R, whereas the effect of R on the da/dN—-AKGegr relationship is negligible under the
threshold condition. As shown in Fig. 12, the crack closure behavior was observed at R=0.1, showing

that crack closure occurred in the thin film with the medium grain size (MG).
4. Discussion

The da/dN-AK and da/dN—-AKes relationships obtained in the present study are shown in Fig.
19, for (@) R=0.1and (b) R =0.5. The relationships for the thin films are much different from those
for the bulk MG plate, i.e., the crack propagation rate of the thin films is almost tenfold that of the
bulk MG plate at comparable AK or AKeft. Note that the da/dN-AK relationship for the NC and UFG
thin films does not depend on the force ratio R, as shown in Fig. 15. The crack propagation behavior
of the MG thin film is similar to those of the NC and UFG thin films in the Paris law region; however,
the da/dN—AKes relationship of the MG thin film approaches that of the bulk MG plate in the region
near threshold, although there is a significant difference in the da/dN-AK relationship. This indicates
that crack closure is responsible for the effect of thickness under the threshold condition.

The threshold stress intensity factor range AKw of the nanocrystalline thin film depends on
microstructural characteristics such as grain size, whereas AKefinh 0f the MG thin film seems to be
comparable to that of the bulk MG plate. Since AKi of the MG thin film is lower than that of the
bulk MG plate, the crack closure behavior depends on the specimen thickness.

The da/dN-AK relationships under R=0.1 for various pure nickel [22-25] and Ni-1 % Co [26]
thin films and the bulk nickel plate are shown in Fig. 20. In the present study and Tanaka et al.’s
study, thin films with a thickness of 10 um were employed, whereas thicknesses of other films were
in the range from 100 to 180 um. In all regions, the crack propagation rate is always higher for thin
films than for the bulk plate in the same stress intensity factor range, and the threshold stress intensity

factor range for thin films is lower than that of the bulk plate. In the Paris law region where
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da/dN>1.0x10® (m/cycle) (Region B), the effect of grain size on the da/dN-AK relationships is
minimal for the results obtained from the 10-um-thick film; however, the crack propagation rate is
higher for films with smaller grain size and thicknesses from 100 to 180 um. A comparison of the
results for NC films shows the crack propagation rate of the 100-um-thick film (Harlon et al. [23]
and Xie et al. [24]) to be higher than that of the 10-um-thick film (present study and Tanaka et al.
[25]). Results for UFG films show a similar tendency. For MG films, the crack propagation rate is
almost the same for the 10-pum-thick film (present study) and the 180-um-thick film (Xie et al. [24])
at da/dN > 107" m/cycle; however, da/dN for the bulk plate (present study) is considered to be lower
than that for thin films.

Results shown in Fig. 20 indicate that the cack propagation rate in thin films is higher than that
in the bulk plate, but between thin films, the rate is lower for the thinner film. The effect of specimen
thickness has been discussed in terms of plane-stress and plane-strain conditions, and the crack
propagation in thin films and the bulk plate is also considered under plane-stress and plane-strain
conditions, respectively. The front of fatigue cracks is usually curved as a result of the retardation of
crack propagation at the surface. This indicates that the crack propagation resistance under the plane-
stress condition is higher than that under the plane-strain condition, contrary to the present results.
This phenomenon seems to be similar to the ‘breakdown’ of the similitude concept in short cracks
because reductions of both the crack length and specimen thickness bring about a decrease in crack
area.

The exponent in the Paris law for a pure nickel thin film is four, whereas it is typically between
two and four for conventional ductile alloys [63]. Even in the Paris law region, the fatigue crack
propagation rate of Ni—1 %Co is much lower than that of pure nickel and the exponent is 1.6, showing
that alloying contributes to the enhancement of the fatigue crack propagation resistance.

In the region near the threshold (Region A), da/dN is higher and AK is lower for films with
smaller grain size; however, AKi for the UFG film in the present study is almost identical to that for
the NC film used by Tanaka et al. [25], and AK for the MG film in the present study is almost
identical to that for the UFG film used by Tanaka et al. [25] indicating that AKsw is not solely
dependent on grain size. Other factors, such as grain boundary stability [53, 64], also affect AK.

The effect of the thickness of the thin film could not be clarified because data were obtained
only for specimens with a thickness of 10 um; however, we found that da/dN is higher and AK is
lower for the MG thin film than those for the MG bulk plate. As shown in Fig. 19 (b), this difference
can be explained by crack closure.

It is well known that for conventional materials, AKw and AKesrtn increase linearly with the
square root of grain size, d*?, as reported by Nakai et al. [10]. Taira et al. [65] analyzed the effect of
grain size on the threshold condition using the blocked slip band model, in which the threshold
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condition is determined whether or not the slip band emanating from the crack tip can penetrate the
grain boundary ahead of the crack tip. They found this condition to be controlled by the microscopic
stress intensity factor at the tip of the slip band emanating from the crack tip and predicted that AKes
increases linearly with the square root of grain size, d¥2.  AKu and AKeftn of the present materials
are plotted as a function of d*/2 in Fig. 21. AKen is independent of specimen thickness for MG, and
linearly increases with the square root of the grain size. However, AKy of MG depends on the
specimen thickness, indicating that the thickness effect on AKw of MG can be attributed to the
difference in crack closure, i.e., the crack opening stress intensity factor Ko, decreases with decreasing
specimen thickness in the case of a long crack, similarly to the physically/mechanically short crack,
in which Kop decreases with decreasing crack length.

Minakawa et al. [66] found that Kop is related to the roughness of the fracture surface, and
Sadananda et al. [67] reported that coarse microstructures are related to crack paths, which in turn
promote resistance to the propagation of fatigue cracks via crack closure due to roughness. To
examine the effect of the roughness of the fracture surface, the side surface of the specimen was
observed. Figures 22 and 23 indicate that the tortuosity of the crack path in the NC thin film is lower
than that in a film with larger grain size (UFG) regardless of the crack propagation rate and stress
ratio. However, the differences between the UFG and MG thin films are not clear.

The fractographies of the thin films are shown in Figs. 24 and 25. The fracture surface of the
NC thin film is very flat compared with that of the UFG thin film regardless of crack propagation rate
and force ratio. No significant difference in the appearance of the fracture surface between the
solution and substrate sides is recognized in the NC thin films, whereas the roughness is greater on
the solution side than on the substrate side, which is consistent with the microstructural observation
shown in Fig. 2, indicating that the grain size on the solution side is larger than that on the substrate
side. Note that the roughness in the crack propagation direction is greater for the electrodeposited
thin film and the roughness in the thickness direction is greater for the MG thin film, i.e.,

perpendicular to the electrodeposited direction and perpendicular to the rolling direction, respectively.
5. Conclusions

We developed experimental techniques for measuring the crack length and crack closure
behavior of a SE(T) specimen with fixed ends by compliance method, employing a high-resolution
laser displacement meter and a data processing technique for noise elimination. By utilizing this
system, we developed an automatic force-shedding fatigue crack propagation test system to examine
the fatigue crack propagation behavior of the SE(T) thin film specimens with thicknesses of 5 and 10
pm and a width of 10 mm, and a bulk C(T) specimen. The results were compared with previous

results obtained from films with thicknesses from 100 to 180 um. The effects of grain size, specimen
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thickness, and force ratio on fatigue crack propagation behavior were examined for electrodeposited

nanocrystalline and UFG nickel thin film, medium-size-grained rolled thin film, and a bulk plate with

a thickness of 1.5 mm. The following results were obtained.

1.

The crack length can be measured by the compliance method, and the crack closure behavior of
the SE(T) thin films with thicknesses of 5 and 10 um could be measured by the compliance method
using a high-resolution laser displacement meter together with averaging over more than 1000
cycles and smoothing of both the displacement and applied force signals. The difference in crack
length between the compliance and visual methods was 0.46 mm at maximum and 0.26 mm on

average with the standard deviation of 0.15 mm.

. The da/dN-AK relationship for the bulk C(T) specimen obtained by the force-shedding test was

not affected by the shedding rate from -0.8 to -0.08, where the force shedding rate at each step was
kept at less than 2 %.
The relationship between the crack propagation rate da/dN and the stress intensity factor range AK
for the NC and UFG thin films with thickness of 5 and 10 um was independent of the force ratio.
In the Paris law region, no effect of grain size on the da/dN-AK relationship was observed for
the 10-pum-thick film; however, da/dN of the NC film was higher than that of the UFG film at
comparable AK for films with thicknesses from 100 to 180 um. The threshold stress intensity
factor range AKt of 10-pum-thick films with smaller grain size was lower.
The da/dN-AK relationship for the 10-um-thick film was always identical to that for the 5-um-
thick film; however, da/dN of the 100um-thick-film was higher than that of the 10-pum-thick film
for both NC and UFG films. On the other hand, the rate of the MG thin film was higher, and AKin
of the 10-pum-thick film was lower than that of the bulk plate.
No crack closure was observed in the UFG or NC thin films, whereas it occurred in the MG thin
film with a thickness of 10 um and in the bulk MG plate. The da/dN-AKesf relationships for thin
films were independent of the force ratio and film thickness. In the Paris law region, da/dN for
the MG film was higher than that for the MG plate at comparable AKefr, indicating that crack
closure could not account for the thickness effect. However, AKetf i Of the MG film was almost
identical to that of the MG plate.
The acceleration of crack propagation in thin films in the Paris law region shows the breakdown
of the similitude concept, as similarly observed for the microstructurally short crack combined
with the crack closure issue similar to that of the physically/mechanically short crack.
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Figure 19. Effect of microstructure and thickness on fatigue crack propagation behavior of pure nickel.
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