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Nomenclature 20 

a: Crack length 21 

aact,fin: Final crack length measured by optical microscopy  22 

aact,ini: Initial crack length measured by optical microscopy 23 

acal,fin: Calculated final crack length  24 

acal,ini: Calculated initial crack length 25 

B: Specimen thickness 26 

C: Compliance 27 

da/dN: Crack propagation rate 28 

E: Young’s modulus 29 

k: Force shedding rate 30 

Kmax,th: Maximum stress intensity factor under the threshold condition 31 

Kmin,th: Minimum stress intensity factor under the threshold condition 32 

Kop,th: Crack opening stress intensity factor under the threshold condition 33 

L: Gauge length (distance between grips) 34 

P: Applied force 35 

Pmax : Maximum applied force 36 

Pmin: Minimum applied forces 37 

R: Force ratio = Pmin/Pmax  38 

V: Loading point displacement 39 

W: Specimen width 40 

Δa: Crack extension 41 

ΔK:  Stress intensity factor range 42 

ΔKeff:  Effective stress intensity factor range 43 

ΔKth: Stress intensity factor range under the threshold condition 44 

εb: Back face strain 45 

 46 

 47 

  48 
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Abstract 49 

Experimental techniques for measuring the crack length and crack closure behavior of single 50 

edge crack tension [SE(T)] specimens with fixed ends were developed with compliance method 51 

employing a high-resolution laser displacement meter together with data processing for noise 52 

elimination.  Then, an automatic force-shedding fatigue crack propagation test system was developed.   53 

Using this system, we measured the crack length and crack closure behavior of thin films with a 54 

thickness of 5 or 10 µm and width of 10 mm, with which the accuracy of crack length measurement 55 

was better than 0.46 mm.  The crack closure behavior could also be identified by the compliance 56 

method.  The relationship between the crack propagation rate da/dN and the stress intensity factor 57 

range ΔK for nanocrystalline (NC) and ultrafine-grained (UFG) thin film was independent of the force 58 

ratio, and the relationship for the 10 µm-thick film was almost identical to that for the 5 µm thick 59 

film.    No crack closure was  observed in the UFG and NC thin films, whereas it occurred in the 60 

medium-size-grained (MG) thin film.  The da/dN–ΔKeff relationships for thin films were independent 61 

of the force ratio and film thickness.  In the Paris law region, da/dN for the MG film was higher than 62 

that for an MG plate at comparable ΔKeff, showing that crack closure could not account for the 63 

thickness effect.  However, no difference in ΔKeff,th was observed for both the MG film and the MG 64 

plate.  In the Paris law region (Region B), no effect of grain size on the da/dN–ΔK relationship was 65 

observed for the 10-µm-thick film; however, the crack propagation rate was higher for a film with 66 

smaller grain size and thickness from 100 to 180 µm.  For NC and UFG films, the crack propagation 67 

rate of the 100-µm-thick film was higher than that of the 10-µm-thick film, but it was almost identical 68 

for MG films; however, the rate for a thin film was higher than that for a bulk plate.  The threshold 69 

stress intensity factor range was always lower for a film with smaller grain size. 70 

1. Introduction  71 

The nanocrystallization of metals and alloys is one of the most promising techniques for 72 

improving their strength [1–5] and resistance to wear because grain refinement usually leads to an 73 

increase in strength [6, 7], and their thin films are now being widely used for micro-electro-74 

mechanical systems.  The electrodeposition method will be the easiest method of obtaining a uniform 75 

nanocrystalline structure in thin films [8, 9].  Before nanocrystalline thin films can be widely used in 76 

engineering applications, their damage tolerance should be guaranteed, especially their fatigue crack 77 

propagation resistance. 78 

 It is well known from fracture mechanics studies of conventional bulk metals and alloys that 79 

the fatigue crack propagation resistance usually decreases with grain refinement and an increase in 80 

force ratio [10], especially in the region near the threshold.  These effects have been explained by the 81 

crack closure mechanism.  The threshold stress intensity factor range is one of the most important 82 
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fatigue properties in damage tolerance design, and its determination requires the ΔK-shedding test 83 

employing computer-aided automated crack length measurement, which is designated by ASTM as 84 

E647-15 for bulk materials.   85 

In the study of fatigue crack propagation, an automated crack length measurement system is 86 

required to reduce experimental cost, obtain high accuracy [l1], and facilitate testing under stress-87 

intensity-factor (K) control.  Techniques, such as the compliance, electrical potential drop, acoustic 88 

emission, and ultrasonic methods, have been used for the measurement of long cracks [12].  Of these, 89 

the compliance and electrical potential drop method are considered to be superior for the quantitative 90 

measurement of crack length and suitable for the automated fatigue crack propagation test because 91 

the measured values can be easily converted to digital values without the needs for complicated 92 

procedures.  The electrical potential drop method may be the simplest technique for crack length 93 

measurement in which both direct current (DC) and alternating current (AC) may be used. The DC 94 

method is more commonly used because the apparatus is simple, and analytical calibration 95 

relationships may be more readily obtained.  The DC methods are somewhat limited, however, 96 

because of their sensitivity to thermally induced electromotive force or potential associated with the 97 

thermocouple effect at junctions of dissimilar metals.  Moreover, high current is needed to achieve 98 

the desired sensitivity.  AC systems utilize a lock-in amplifier with excellent noise elimination 99 

capabilities to measure electrical potential drop [13–16].  Because of the high signal-to-noise 100 

capability of the lock-in amplifier and its operation as a tuned amplifier, the AC systems can be 101 

operated at lower current levels than equivalent DC systems and are insensitive to the thermally 102 

induced DC electromotive force [13–16].  However, the crack closure behavior cannot be monitored 103 

by the electrical potential drop method because it is difficult to separate the effects of crack closure 104 

from those of crack tip plasticity, and electromagnetic induction between crack faces which occurring 105 

in AC systems [16]. 106 

Compliance methods have been widely used for measuring the crack length and crack closure.  107 

These methods are based on the measurement of the crack opening displacement or strain.  For 108 

bending-type specimens such as compact [C(T)] and four-point bending specimens, the change in 109 

far-field compliance with crack extension is large enough to measure the crack length and crack 110 

closure.  Nakabo et al. successfully measured the crack length for four-point bending specimens by 111 

measuring the compliance with piston displacement [17].  However, these methods employ the 112 

compliance evaluated near the crack for axial-loading-type specimens such as middle tension 113 

(MT(T)) [10] and single edge crack tension (SE(T)) specimens because the change in far-field 114 

compliance with crack extension is extremely small.  Shape and Su developed a technique using a 115 

laser-based interferometric strain/displace gauge [18], and this technique was applied to crack closure 116 

measurement of an axial-loading-type bulk specimen [18–20].  However, it cannot be applied to thin 117 
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films because it requires two closely spaced indentations pressed into the surface of a specimen with 118 

a Vickers microhardness tester.  119 

Since compressive stress is generated within bending-type specimens and causes buckling of a 120 

thin film, SE(T) specimens have usually been employed in the fatigue crack propagation test of thin 121 

films; however, it is impossible to install a displacement or strain gauge on the specimen near the 122 

crack without causing a serious change in the stiffness of the specimen.  Grünewald et al. successfully 123 

measured crack lengths of micro specimens by the compliance method using the nanoindentation 124 

module of a scanning electron microscope.  In their experiments, no crack closure behavior was 125 

observed [21]. 126 

Visual methods, such as optical microscopy, are the most conventional methods for crack length 127 

measurement [22–26], and scanning electron microscopy is also employed for the measurement in 128 

fatigue crack propagation tests.  Recently, the visual method aided by the digital image correlation 129 

(DIC) is developed for crack length measurements [27].  Crack closure is also measured by the DIC 130 

method [26–28].  However, these visual methods are not suitable for in situ automated fatigue crack 131 

length measurements because of the long processing time that makes the fatigue crack propagation 132 

test cumbersome. 133 

In a review of the propagation of short fatigue cracks, Suresh and Ritchie pointed out that the 134 

application of fracture mechanics to the propagation of fatigue cracks implicitly indicates that the 135 

concept of similitude is valid and that the governing parameter, such as the stress intensity factor K 136 

or the J -integral, used to correlate crack propagation rates fully describes the stress and deformation 137 

fields in the vicinity of the crack tip [29].  This similitude concept implies that, for two cracks of 138 

different sizes subjected to the same stress intensity factor (under small-scale yielding) in a given 139 

material–microstructure–environment system, crack tip plastic zones are equal in size and the stress 140 

and strain distributions along the borders of these zones (ahead of the crack) are identical.  This 'lack 141 

of similitude' problem arises for a number of reasons including the existence of (i) local 142 

microstructural features that do not substantially alter the propagation of large cracks but can interact 143 

strongly with small cracks because they are of comparable size (microstructurally short cracks) [30–144 

33], (ii) differences in the crack closure behavior (physically/mechanically short cracks) [34–42], and 145 

(iii) differences in the local crack tip environments (chemically short cracks) [43–51].  In testing of 146 

bulk materials in an inert environment, the crack closure effect is the most influential factor 147 

underlying the breakdown of the similitude concept, whereas the microstructural effect appears only 148 

for very short cracks.  For a low-dimensional specimen, which is employed for micro-electro-149 

mechanical systems, made of conventional materials, however, the microstructural effect should be 150 

considered in the application of fracture mechanics to fatigue crack propagation [21], where the low-151 

dimensional specimen is defined as having at least one size of specimen is small compared with the 152 
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bulk specimen.  Nanocrystalline materials can mitigate the breakdown of the similitude concept 153 

owing to the microstructural effect and expand the application of fracture mechanics to fatigue crack 154 

propagation.  In addition, the nanocrystallization of microsamples can be expected to strengthen 155 

micro-electro-mechanical systems. 156 

On the other hand, Kondo et al. [52] reported that fatigue damage in submicron-thickness 157 

copper films differs from that in bulk materials.   Then, the study of fatigue crack propagation on a 158 

thin film, which is a low-dimensional material, brings about another factor that can affect the 159 

breakdown of the similitude concept regardless of crack length, whereas most of the previous studies 160 

on electrodeposited nickel films were focused on the effect of nanocrystallinity.  Unfortunately, the 161 

thickness effect has not been considered, and sheets thicker than 100 µm have been employed for the 162 

study of fatigue crack propagation in nanocrystalline metals.  163 

The effect of grain size on the fatigue crack propagation rate in the Paris law region (Region B) 164 

of an electrodeposited nanocrystalline nickel sheet was studied by Hanlon et al.[23] and Cavaliere 165 

[26] under a constant imposed cyclic force range, and they found that the rate was higher for a smaller 166 

grain size.   Sangid et al. measured the crack closure of a nanocrystalline sheet, wherein the crack 167 

opening displacement was measured as a function of the distance from the crack tip at five force 168 

levels [27], although ASTM E647-15 suggests that each segment span for calculating compliance 169 

offset should be 10 % of the cyclic force range.  This means that more than twenty sampling points 170 

are required for unloading half a cycle because more than two sampling points are necessary to 171 

calculate compliance in each segment span.  To determine the fatigue crack mechanism, Xie et al. 172 

measured the striation spacing and associated shear band width, and found that both increased with 173 

crack length in the Paris law region [24].  This result was obtained by a constant-applied-force range 174 

fatigue test; as a result, the crack propagation rate was found to be higher than 10-9 m/cycle (Region 175 

B).   Tanaka et al. conducted the force shedding fatigue crack propagation test of a nanocrystalline 176 

nickel thin film with a thickness of 10 µm to examine the effect of grain size on the threshold 177 

condition.  The crack length was optically monitored under a digital microscope and force shedding 178 

was conducted manually [25]. 179 

In the present study, an automated fatigue crack propagation test system, which enabled the 180 

force shedding fatigue crack propagation test for a self-standing SE(T) thin film, was developed, in 181 

which the crack length and crack closure were monitored by the compliance method utilizing a high-182 

–resolution laser displacement meter and data processing technique for noise elimination.  By 183 

utilizing this system, we investigated the effects of grain size, specimen thickness, and force ratio on 184 

the fatigue crack propagation behavior of  5-  and 10-µm-thick electrodeposited nanocrystalline nickel 185 

films, ultrafine-grained nickel films, a medium-size-grained nickel film, and a bulk nickel plate.  Then, 186 

the effects of grain size, specimen thickness, and force ratio were examined and the role of crack 187 



7 

 

closure in these effects was examined.  For a specimen with small width, it is impossible to obtained 188 

the threshold condition using the force shedding rate designated in ASTM E647-15 because of the 189 

conservativeness of this designation.  To obtain the threshold values of specimens with small width, 190 

the validity of a high force shedding rate was confirmed using a bulk C(T) specimen.  The results for 191 

thin films were compared with those reported by other groups to clarify the validity of the present 192 

system. 193 

2. Materials and Experimental Procedure 194 

2.1. Specimens 195 

The shape and dimensions of the (a) C(T) and (b) SE(T) specimens are shown in Fig. 1, where 196 

the C(T) specimen was made of a commercially pure nickel plate with a thickness of 1.5 mm,  named 197 

the MG plate, and the SE(T) specimen was made of either a medium-size-grained commercially pure 198 

nickel thin film, named the MG film or an electrodeposited nickel thin film, named nanocrystalline 199 

(NC) or ultrafine-grained (UFG).  The initial notch with a length of 2.5 mm in the SE(T) specimen 200 

was formed using a utility knife, and the SE(T) specimen was glued to the grips of the test machine, 201 

where the distance between the edges of grips was set to 30.0 mm. 202 

2.2. Materials 203 

Nickel thin films were prepared by electrodeposition using sulphamate solution [25].  The 204 

composition of the solution in g/L was as follows: 250 Ni(SO3NH2)2 (nickel sulphamate), 30 H3BO3 205 

(boric acid), 10 NiCl2 (nickel chloride), and 0.4 CH3(CH2)10CH2OH (sodium lauryl sulphate).  206 

C3H5NaO3S (sodium allylsulfonate) at the amount of 0 or 0.8 g/L was added to the solution to control 207 

the microstructure of the electrodeposited thin films.  A polished stainless-steel plate and a 208 

commercially pure nickel plate were employed as the substrate (cathode) and anode, respectively.  209 

The temperature of the hot-water circulation bath was maintained at 40°C.  The pH of the solution 210 

was maintained at 4.0 by adding H2NO3S (sulphamate acid).  The solution was stirred with a magnetic 211 

stirrer to prevent pit formation.  The current density was maintained at 0.25 mA/mm2 by supplying a 212 

constant current.  The deposition times were 15 and 30 min to obtain the thicknesses of 5 and 10 µm, 213 

respectively.   214 

After deposition, the thin films were removed from the substrate (cathode plate) and used in the 215 

fatigue crack propagation test as free-standing films.  The inverse pole figure (IPF) maps obtained by 216 

electron backscatter diffraction (EBSD) analysis of the electrodeposited thin films with thicknesses 217 

of 5 and 10 µm, the MG thin film with a thickness of 10 µm, and the bulk MG plate with a  thickness 218 

of 1.5 mm are shown in Figs. 2 and 3, where the film obtained by adding sodium allylsulfonate at the 219 
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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 220 

allylsulfonate.  As shown in Fig. 2, the grains in the NC thin film are randomly orientated in all 221 

directions.  Grains on the substrate side of the UFG thin film are also randomly oriented, whereas 222 

those on the solution side have a texture with the (001) axis in the direction normal to the film surface.  223 

The microstructure of the solution-side surface of the 5-µm-thick film is similar to that of the 224 

midsection of the 10-µm-thick film.  The orientation of grains in the bulk MG plate is also random. 225 

The grain sizes on the solution side are 0.186 µm for the NC thin film, 0.789 µm for the UFG 226 

thin film, and 17.0 µm for the bulk MG plate [53].  In the UFG thin film, the grain size on the solution 227 

side is larger than that on the substrate side, whereas a similar structure to the solution side is dominant.   228 

Since the IPF maps of the MG thin film shown in Fig. 3 (a) indicate a poor quality owing to its high 229 

dislocation density, it is difficult to evaluate the grain size of the MG thin film.   Since the number of 230 

grains contained in the same area in Figs. 3 (a) and (b) is almost the same, the average grain size of 231 

the MG thin plate must be almost the same as that in the MG plate (17.0 µm).  On the other hand, 232 

grains in MG film are elongated along the rolling direction, which is perpendicular to the loading 233 

direction.  The 0.2 % proof strength and tensile strength are 1065 MPa and 1690 MPa for the NC thin 234 

film and 469 MPa and 768 MPa for the UFG thin film, respectively [53]. 235 

To elucidate the effects of nanocrystallization and thickness on the fatigue crack propagation 236 

behavior, C(T) specimens made of commercially pure nickel with a width of 18 mm and a thickness 237 

of 1.5 mm were also prepared for comparison. 238 

2.3. Fatigue test 239 

The crack propagation tests were conducted under stress-intensity-factor-range (ΔK)-controlled 240 

conditions using a computer-controlled electrodynamic testing machine.  The appearance of the 241 

fatigue test machine and the configuration of the system are shown in Figs. 4 and 5, respectively, 242 

where  the loading capacities were 50 N for the SE(T) specimen, and 500 N for the C(T) specimen.  243 

The test system was set on an antivibration table in a sound-shielded room.  The room temperature 244 

was controlled to 24±1 ºC.  The accuracy and linearity of each load cell (Showa Measuring 245 

Instruments RCB-50N and RCB-500N) were better than ±1 % and 0.15 % of the rated output, 246 

respectively.  The range and linearity of the laser displacement meter (KEYENCE LK-H025) were 247 

±3 mm and 0.12 µm, respectively.  Displacement between the specimen grips was measured using a 248 

caliper with the resolution of 0.01 mm. The resolution of the travelling microscope used for the optical 249 

measurement of crack length and initial notch length was 0.01 mm.  The thickness of specimen was 250 

measured using a high-accuracy micrometer (Mitutoyo, Digimatic micrometer) with the resolution 251 

of 0.1 µm.  Sinusoidal loading waves with force ratio R ranging from 0.1 to 0.7 at the frequencies (f) 252 

of 10 Hz for the SE(T) specimen and 60 Hz for the C(T) specimen were employed for cyclic loading.  253 
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The crack lengths were continuously monitored in terms of compliance between the applied force 254 

and the loading point displacement, i.e., displacement between the grips, for the SE(T) specimen.  For 255 

the C(T) specimen, the back-face strain was measured to determine the crack length by the 256 

compliance method.  The crack closure behavior was also monitored by the compliance method for 257 

both specimens.  The compliance C =  dV/dP  (SE(T) specimen) or dεb/dP (C(T) specimen) is defined 258 

as the inverse slope of the linear part of the relationship between the applied force P and the 259 

displacement between grip ends, V, or the back-face strain εb.  V was measured using a high-resolution 260 

laser displacement meter, and εb was measured using a strain gage with a length of 2.0 mm glued to 261 

the back face of the specimen. 262 

The stress intensity factor K and compliance C for the SE(T) specimen under pin loading, i.e., 263 

without a remotely applied bending moment, can be found in handbooks [54, 55] and given in a 264 

simple form.   Since pin loading is not possible for thin films, the specimen is usually glued to the 265 

grips of the test machine.  In this case, rotation of the specimen at the grips is not allowed.  Therefore, 266 

the specimen is subjected to not only the applied force, but also the bending moment from the grips.  267 

The stress intensity factor K and compliance C for the SE(T) specimen under fixed end displacement 268 

without rotation can be calculated  as follows [56].  269 
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Here, W is width, B thickness, a crack length, P applied force, V loading point displacement, L gauge 272 
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   (0.25 ≤ ξ ≤ 0.75). (4) 275 

In most of previous works, the stress intensity factor K was analyzed by the finite-element 276 
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method (FEM) for a fixed L/W value.   277 

The stress intensity factor K and the compliance C  =εb/P for the C(T) specimen were calculated  278 

using [54,55], 279 

/ ( )K P B W F    (5) 280 

2 3 4

3

(2 )(0.886 4.64 13.32 14.72 5.6 )
( )

(1 )
F

        
 


  (6) 281 

 2

n n 1.0386 2.7616  1.5008a C C W   , (7) 282 

where εb is the strain at ‘Point A’ in Fig. 1 (a), and   283 

 n 1/ 1C ECBW  . (8) 284 

For both specimens, Young’s modulus was determined from the measured initial compliance and the 285 

initial crack length aact,ini which was measured by optical microscopy, to ensure that the calculated 286 

initial crack length acal,ini agreed with aact,ini.  Since the crack length is not given as an explicit function 287 

of the compliance, it was calculated by the Newton–Raphson method using Eq. (2), where the 288 

derivative of Eq. (2) was calculated numerically.  After the fatigue crack propagation test, the crack 289 

length calculated using Eqs. (2) and (7), acal, was modified by the following equation to ensure that 290 

the modified final crack length agreed with that measured by optical microscopy, aact,fin.  291 

  act,fin act,ini

cal cal,ini act,ini

cal,fin cal,ini

a a
a a a a

a a


  


 (9) 292 

where acal,fin is the calculated final crack length.  Owing to the definition of E, cal,ini act,inia a . 293 

Figure 6 shows the relationship between the compliance and crack length for the SE(T) 294 

specimen under the condition of fixed end displacement and for the C(T) specimen.  The change in 295 

compliance with crack extension for the SE(T) specimen is much less than that for the C(T) specimen, 296 

indicating that a special technique is required for measuring the crack length and crack closure of the 297 

SE(T) specimen.   The change in the compliance of the SE(T) specimen with the width of 10 mm 298 

upon a 50 µm extension of the crack was evaluated from Eq. (2),  and the results are shown in Table 299 

1.  Since this extension occurs under a constant applied force range in a stepped force shedding test, 300 

the change in compliance means a change in the displacement range, indicating that less than 0.25 % 301 

accuracy is required to detect 50 µm extension of crack.  Since the intensity of white noise can be 302 

eliminated by averaging, both force and displacement signals at the same phase were superimposed 303 

for more than 1000 successive cycles.  The noise level can be reduced to less than 1/ 1000   times 304 

[57, 58].  After the averaging, both force and displacement signals were parabolically smoothed by 305 

simplified least-squares procedures proposed by Savitzky and Golay [57, 59].  This method involves 306 

fitting a second-order polynomial to sets of seven successive data points, where each signal had 287 307 
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data points in each cycle. 308 

The fatigue crack propagation tests were conducted in ambient air with decreasing ΔK while 309 

keeping the force ratio R constant using a control computer that automatically reduced the force range 310 

immediately after the calculated crack extension Δacal at each applied force step exceeded 50 µm for 311 

the SE(T) specimen, where R is the ratio of the minimum applied force to the maximum applied force 312 

during one fatigue loading cycle.  The force shedding rate k defined by the following equation was 313 

determined to be -0.30 mm-1 for the SE(T) specimen; this leads to the force reduction rate at each 314 

crack extension Δacal of 50 µm being 1.5 %.  315 

1 d

d

K
k

K a

   
    

   
 (10) 316 

For the C(T) specimen,  Δacal was either 25 or 50 µm, and k was -0.08, -0.4, or -0.8.  317 

The force shedding procedure is illustrated in Fig. 7, and was conducted using the calculated 318 

crack length.  Force shedding was performed the first time when the calculated crack extension 319 

exceeded the predetermined value, Δa0, or the elapsed time Δt exceeded 10 h.  Because there are 320 

small differences between the actual crack length and the calculated crack length and between Δacal 321 

and Δa0, force shedding was not strictly conducted at the predetermined value of k  in  Eq. (10).   322 

However, as will be described later, k did not affect the da/dN–ΔK relationship for -0.08 ≥ k ≥ -0.8.  323 

In the analysis of the da/dN–ΔK relationship, the average crack length was employed where the 324 

modified crack length was averaged over each Δa0 interval.  da/dN was calculated by the incremental 325 

polynomial method.  This method involves fitting a second-order polynomial to sets of five successive 326 

data points.  The crack propagation rate da/dN was obtained from the derivative of the above 327 

polynomial, as recommended in ASTM E647-15.    328 

In the fatigue crack propagation test, the modified crack length at the threshold was equal to the 329 

final crack length measured by optical microscopy; then, the threshold stress intensity factor range 330 

was always evaluated using the optically measured crack length and measured applied force. 331 

3. Experimental Results  332 

3.1. Crack length and closure measurement of SE(T) specimen 333 

Figure 8  shows examples of the force–displacement curves obtained by the force shedding 334 

fatigue crack propagation test of the SE(T) specimen under the loading frequency of 10 Hz.  These 335 

curves were obtained by averaging over 1000 cycles to eliminate electrical noise.  Every curve shows 336 

strange behavior around the mean force position, where the speed of specimen movement was the 337 

highest under sinusoidal loading.  To confirm that this strange behavior is due to the high-speed 338 

movement of the specimen, the effect of loading frequency was examined, and we found by 339 
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comparing Figs. 8 and 9 that the strange behavior attenuated with decreasing loading frequencies.  340 

Neither mechanical loosening nor wrinkling of the film could be responsible for the strange behavior 341 

because it occurs at a different force level and depends on the loading frequency.  One possible cause 342 

of this strange behavior is the fluttering of the film at the crack mouth owing to the movement of the 343 

film in air; this may generate aerodynamic force such as a Karman vortex. 344 

There is a slight difference in the slopes of the P–V relationship between the regions higher and 345 

lower than the strange behavior.  This difference is attributed to a change in rigidity caused by factors 346 

other than crack propagation and/or crack closure.  However, the change in rigidity can be made 347 

negligible by  correcting Young's modulus so as to match the initial calculated crack length with the 348 

actual initial crack length.  Then, the compliance C is evaluated in a region higher than the strange 349 

region to calculate crack lengths using Eqs. (2), (3), and (4).  These are indicated by circles in Fig. 350 

10, and diamonds indicate the modified crack length obtained using Eq. (9), where the actual crack 351 

length was measured by optical microscopy during the fatigue crack propagation test.  The difference 352 

between the actual and calculated crack lengths was found to be less than 0.46 mm, and the average 353 

difference was 0.26 mm with the standard deviation of 0.15 mm.   This result was obtained by 354 

interrupting the fatigue tests for the optical measurement of crack length, which induced additional 355 

error.  In continuous monitoring, the scatter of data may be smaller than that indicated in Fig.10, but 356 

systematic error may still exist.   357 

The accuracy of the present method must be independent of specimen thickness because the 358 

displacements are identical for two specimens of different thicknesses subjected to the same stress 359 

intensity factor (under small scale yielding) with a similar two-dimensional shape including crack 360 

length.  Consequently, an appropriate load cell should be employed because the applied force for the 361 

same stress intensity factor is proportional to the specimen thickness; however, the condition given 362 

by Eq. (10) restricts the limitation of specimen width, i.e., for specimens with small width, crack 363 

length reaches the specimen width before reaching the threshold condition.    364 

Figure 11 shows an example of a crack propagation curve where the modified crack length was 365 

averaged over each Δa0 interval.    Although the standard deviation from the seventh-order polynomial 366 

regression curve is 25 µm, further systematic deviation from the actual crack length may exist.  367 

However, no serious error is observed in the measurement of the threshold stress intensity factor 368 

range because the modified final crack length calculated using Eq. (9) is exactly the same as the crack 369 

length measured by optical microscopy.   370 

The crack closure behavior was evaluated after the fatigue crack propagation test.  An example 371 

of the measured crack opening force used to determine the effective stress intensity factor range ΔKeff 372 

is shown in Fig. 12.  ΔKeff was obtained under the threshold condition of the MG thin film at the force 373 

ratio R of 0.1.  Figure 12 (a) is the force–displacement curve and Fig. 12 (b) shows the deviation of 374 
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displacement from the linear part of (a) indicated by the dashed line [60].  Here, linear approximation 375 

was performed above the applied force at which the crack is considered to be opened, and included 376 

the strange part to evaluate the crack opening force because the change in compliance due to crack 377 

opening was much larger than that due to crack closure. 378 

Figure 12 (b) shows that the crack opening force, and hence the effective stress intensity factor 379 

range ΔKeff of the SE(T) specimen, can be successfully evaluated by the compliance method. 380 

3.2. Fatigue crack propagation behavior of bulk MG plate 381 

The fatigue crack propagation behavior of the C(T) specimen is shown in Fig. 13, where (a) 382 

shows the relationship between the crack propagation rate da/dN and the stress intensity factor range 383 

ΔK and (b) shows the relationship between da/dN and ΔKeff.  ΔK and ΔKeff were calculated by 384 

substituting ΔP and ΔPeff for K in Eq. (5), where ΔP and ΔPeff are defined in Fig. 12 (b).  385 

ASTM Standard E647-15 designates that k defined by Eq. (10) should be larger than -0.08.  386 

However, it is difficult to reach the threshold condition for a small specimen when employing k ≥ -387 

0.08.  The physical meaning of k ≥ -0.08 is that the force shedding rate 388 

max1 max 2

max1
0 0.02

P

P P
k a


     (11)  389 

should be satisfied when each crack extension  Δa0 is 250 µm, where P1max and Pmax2 are the applied 390 

forces before and after force shedding, respectively.  ASTM E647-15 designates that a rate lower than 391 

0.02 given by Eq. (11)  corresponds to continuous force shedding.  392 

To ensure a valid da/dN–ΔK relationship with more rapid ΔK shedding, the condition given by 393 

Eq. (11) was maintained whereas the effects of k and the shedding interval Δa0 were examined for 394 

more rapid ΔK shedding.  The results for R = 0.1 shown in Fig. 13 prove that an almost unique da/dN–395 

ΔK relationship can be obtained as long as the condition given by Eq. (11)  is satisfied and k < -0.08.  396 

Then, k = -0.4 and Δa0 = 50 µm were employed in experiments at other force ratio R values for the 397 

C(T) specimen, and k = -0.3 and Δa0 = 50 µm for the SE(T) specimen.  398 

Figure 13 (a) shows that the crack propagation rate da/dN at the same ΔK is higher and the 399 

threshold stress intensity factor range ΔKth is lower at higher force ratios, although no effect of the 400 

force ratio is observed in the da/dN–ΔKeff relationship, as shown in Fig. 13 (b), indicating that the 401 

effect of the force ratio can be attributed to crack closure [10, 61].    Figure 14 shows the stress 402 

intensity factors under the threshold conditions, Kmax,th, Kmin,th, and Kop,th as a function of R, where the 403 

subscripts mean the values at the maximum force, minimum force, and crack opening force in each 404 

loading cycle, respectively.  Since  Kmax,th and Kop,th are constant independent of R for Kmin,th ≤ Kop,th,  405 

ΔKeff,th = Kmax,th – Kop,th is also independent of R, although ΔKth depends on R.  The invariance of  406 

Kop,th strongly supports the roughness-induced crack closure mechanism [62].  407 
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3.3. Fatigue crack propagation behavior of thin film 408 

Figure 15 shows the da/dN–ΔK relationships of the electrodeposited thin films with a thickness 409 

of 10 µm, where (a) and (b) show the relationships for the UFG and NC thin films, respectively.  For 410 

both materials, the force ratio R showed no effect because the crack did not close, as shown in Fig. 411 

16; then,  ΔK = ΔKeff. 412 

The da/dN–ΔK relationships were examined for the films with thicknesses of 5 and 10 µm 413 

under the force ratio R of 0.1, as shown in Fig. 17.  There is no effect of the specimen thickness.  414 

Since no crack closure was observed in films of either thickness, ΔKeff was equal to ΔK.  415 

Figures 18 (a) and (b) show the effects of force ratio on da/dN–ΔK and da/dN–ΔKeff 416 

relationships for the MG thin film with a thickness of 10 µm.  The da/dN–ΔK relationship depends 417 

on the force ratio R, whereas the effect of R on the da/dN–ΔKeff relationship is negligible under the 418 

threshold condition.  As shown in Fig. 12, the crack closure behavior was observed at R=0.1, showing 419 

that crack closure occurred in the thin film with the medium grain size (MG). 420 

4. Discussion 421 

The da/dN–ΔK and da/dN–ΔKeff relationships obtained in the present study are shown in Fig. 422 

19, for (a) R = 0.1 and (b) R = 0.5.  The relationships for the  thin films are much different from those 423 

for the bulk MG plate, i.e., the crack propagation rate of the thin films is almost tenfold that of  the 424 

bulk MG plate at comparable ΔK or ΔKeff.  Note that the da/dN–ΔK relationship for the NC and UFG 425 

thin films does not depend on the force ratio R, as shown in Fig. 15.  The crack propagation behavior 426 

of the MG thin film is similar to those of the NC and UFG thin films in the Paris law region; however, 427 

the da/dN–ΔKeff relationship of the MG thin film approaches that of the bulk MG plate in the region 428 

near threshold, although there is a significant difference in the da/dN–ΔK relationship.  This indicates 429 

that crack closure is responsible for the effect of thickness under the threshold condition.  430 

The threshold stress intensity factor range ΔKth of the nanocrystalline thin film depends on 431 

microstructural characteristics such as grain size, whereas ΔKeff,th of the MG thin film seems to be 432 

comparable to that of the bulk MG plate.   Since ΔKth of the MG thin film is lower than that of the 433 

bulk MG plate, the crack closure behavior depends on the specimen thickness. 434 

The da/dN–ΔK relationships under R=0.1 for various pure nickel [22–25] and Ni–1 % Co [26] 435 

thin films and the bulk nickel plate are shown in Fig. 20.  In the present study and Tanaka et al.’s 436 

study, thin films with a thickness of 10 µm were employed, whereas thicknesses of other films were 437 

in the range from 100 to 180 µm.  In all regions, the crack propagation rate is always higher for thin 438 

films than for the bulk plate in the same stress intensity factor range, and the threshold stress intensity 439 

factor range for thin films is lower than that of the bulk plate.  In the Paris law region where 440 
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da/dN>1.0×10-8 (m/cycle) (Region B), the effect of grain size on the da/dN–ΔK relationships is 441 

minimal for the results obtained from the 10-µm-thick film; however, the crack propagation rate is 442 

higher for films with smaller grain size and thicknesses from 100 to 180 µm.  A comparison of the 443 

results for NC films shows the crack propagation rate of the 100-µm-thick film (Harlon et al. [23] 444 

and Xie et al. [24]) to be higher than that of the 10-µm-thick film (present study and Tanaka et al. 445 

[25]).  Results for UFG films show a similar tendency.  For MG films, the crack propagation rate is 446 

almost the same for the 10-µm-thick film (present study) and the 180-µm-thick film (Xie et al. [24]) 447 

at da/dN > 10-7 m/cycle; however, da/dN for the bulk plate (present study) is considered to be lower 448 

than that for thin films.   449 

Results shown in Fig. 20 indicate that the cack propagation rate in thin films is higher than that 450 

in the bulk plate, but between thin films, the rate is lower for the thinner film.  The effect of specimen 451 

thickness has been discussed in terms of plane-stress and plane-strain conditions, and the crack 452 

propagation in thin films and the bulk plate is also considered under plane-stress and plane-strain 453 

conditions, respectively.  The front of fatigue cracks is usually curved as a result of the retardation of 454 

crack propagation at the surface.  This indicates that the crack propagation resistance under the plane-455 

stress condition is higher than that under the plane-strain condition, contrary to the present results.   456 

This phenomenon seems to be similar to the ‘breakdown’ of the similitude concept in short cracks 457 

because reductions of both the crack length and specimen thickness bring about a decrease in crack 458 

area. 459 

The exponent in the Paris law for a pure nickel thin film is four, whereas it is typically between 460 

two and four for conventional ductile alloys [63].  Even in the Paris law region, the fatigue crack 461 

propagation rate of Ni–1 %Co is much lower than that of pure nickel and the exponent is 1.6, showing 462 

that alloying contributes to the enhancement of the fatigue crack propagation resistance.  463 

In the region near the threshold (Region A), da/dN is higher and ΔKth is lower for films with 464 

smaller grain size; however, ΔKth for the UFG film in the present study is almost identical to that for 465 

the NC film used by Tanaka et al. [25], and ΔKth for the MG film in the present study is almost 466 

identical to that for the UFG film used by Tanaka et al. [25] indicating that ΔKth is not solely 467 

dependent on grain size.  Other factors, such as grain boundary stability [53, 64], also affect ΔKth. 468 

 The effect of the thickness of the thin film could not be clarified because data were obtained 469 

only for specimens with a thickness of 10 µm; however, we found that da/dN is higher and ΔKth is 470 

lower for the MG thin film than those for the MG bulk plate.  As shown in Fig. 19 (b), this difference 471 

can be explained by crack closure. 472 

 It is well known that for conventional materials, ΔKth and ΔKeff,th increase linearly with the 473 

square root of grain size, d1/2, as reported by Nakai et al. [10].  Taira et al. [65] analyzed the effect of 474 

grain size on the threshold condition using the blocked slip band model, in which the threshold 475 
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condition is determined whether or not the slip band emanating from the crack tip can penetrate the 476 

grain boundary ahead of the crack tip.  They found this condition to be controlled by the microscopic 477 

stress intensity factor at the tip of the slip band emanating from the crack tip and predicted that ΔKeff,th 478 

increases linearly with the square root of grain size, d1/2.   ΔKth and ΔKeff,th of the present materials 479 

are plotted as a function of d1/2 in Fig. 21.  ΔKeff,th is independent of specimen thickness for MG, and 480 

linearly increases with the square root of the grain size.   However, ΔKth of MG depends on the 481 

specimen thickness, indicating that the thickness effect on ΔKth of MG can be attributed to the 482 

difference in crack closure, i.e., the crack opening stress intensity factor Kop decreases with decreasing 483 

specimen thickness in the case of a long crack, similarly to the physically/mechanically short crack, 484 

in which Kop decreases with decreasing crack length.   485 

Minakawa et al. [66] found that Kop is related to the roughness of the fracture surface, and 486 

Sadananda et al. [67] reported that coarse microstructures are related to crack paths, which in turn 487 

promote resistance to the propagation of fatigue cracks via crack closure due to roughness.  To 488 

examine the effect of the roughness of the fracture surface, the side surface of the specimen was 489 

observed.  Figures 22 and 23 indicate that the tortuosity of the crack path in the NC thin film is lower 490 

than that in a film with larger grain size (UFG) regardless of the crack propagation rate and stress 491 

ratio.  However, the differences between the UFG and MG thin films are not clear. 492 

The fractographies of the thin films are shown in Figs. 24 and 25.  The fracture surface of the 493 

NC thin film is very flat compared with that of the UFG thin film regardless of crack propagation rate 494 

and force ratio.  No significant difference in the appearance of the fracture surface between the 495 

solution and substrate sides is recognized in the NC thin films, whereas the roughness is greater on 496 

the solution side than on the substrate side, which is consistent with the microstructural observation 497 

shown in Fig. 2, indicating that the grain size on the solution side is larger than that on the substrate 498 

side.   Note that the roughness in the crack propagation direction is greater for the electrodeposited 499 

thin film and the roughness in the thickness direction is greater for the MG thin film, i.e., 500 

perpendicular to the electrodeposited direction and perpendicular to the rolling direction, respectively.  501 

5. Conclusions 502 

We developed experimental techniques for measuring the crack length and crack closure 503 

behavior of a SE(T) specimen with fixed ends by compliance method, employing a high-resolution 504 

laser displacement meter and a data processing technique for noise elimination.  By utilizing this 505 

system, we developed an automatic force-shedding fatigue crack propagation test system to examine 506 

the fatigue crack propagation behavior of the SE(T) thin film specimens with thicknesses of 5 and 10 507 

µm and a width of 10 mm, and a bulk C(T) specimen.  The results were compared with previous 508 

results obtained from films with thicknesses from 100 to 180 µm.  The effects of grain size, specimen 509 
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thickness, and force ratio on fatigue crack propagation behavior were examined for electrodeposited 510 

nanocrystalline and UFG nickel thin film, medium-size-grained rolled thin film, and a bulk plate with 511 

a thickness of 1.5 mm.  The following results were obtained. 512 

1. The crack length can be measured by the compliance method, and the crack closure behavior of 513 

the SE(T) thin  films with thicknesses of 5 and 10 µm could be measured by the compliance method 514 

using a high-resolution laser displacement meter together with averaging over more than 1000 515 

cycles and smoothing of both the displacement and applied force signals.  The difference in crack 516 

length between the compliance and visual methods was 0.46 mm at maximum and 0.26 mm on 517 

average with the standard deviation of 0.15 mm.  518 

2. The da/dN–ΔK relationship for the bulk C(T) specimen obtained by the force-shedding test was 519 

not affected by the shedding rate from -0.8 to -0.08, where the force shedding rate at each step was 520 

kept at less than 2 %. 521 

3. The relationship between the crack propagation rate da/dN and the stress intensity factor range ΔK 522 

for the NC and UFG thin films with thickness of 5 and 10 µm was independent of the force ratio. 523 

4.   In the Paris law region, no effect of grain size on the da/dN–ΔK relationship was observed for 524 

the 10-µm-thick film; however,  da/dN of the NC film was higher than that of the UFG film at 525 

comparable ΔK for films with thicknesses from 100 to 180 µm.  The threshold stress intensity 526 

factor range ΔKth of 10-µm-thick films with smaller grain size was lower. 527 

5. The da/dN–ΔK relationship for the 10-µm-thick film was always identical to that for the 5-µm-528 

thick film; however, da/dN of the 100µm-thick-film was higher than that of the 10-µm-thick film 529 

for both NC and UFG films.  On the other hand, the rate of the MG thin film was  higher, and ΔKth 530 

of the 10-µm-thick film was lower than that of the bulk plate. 531 

6. No crack closure was observed in the UFG or NC thin films, whereas it occurred in the MG thin 532 

film with a thickness of 10 µm and in the bulk MG plate.  The da/dN–ΔKeff relationships for thin 533 

films were independent of the force ratio and film thickness.  In the Paris law region, da/dN for 534 

the MG film was  higher than that for the MG plate at comparable ΔKeff, indicating that crack 535 

closure could not account for the thickness effect.  However, ΔKeff,th of the MG film was  almost 536 

identical to that of the MG plate. 537 

7. The acceleration of crack propagation in thin films in the Paris law region shows the breakdown 538 

of the similitude concept, as similarly observed for the microstructurally short crack combined 539 

with the crack closure issue similar to that of the physically/mechanically short crack. 540 
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