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The aim of the current research work is to understand how individual local microstructure features such 

as grain size, grain orientation, grain boundary characteristics, as well as the global parameters of the 

microstructure (texture, grain size distribution, twin boundary fraction) influence the process of fatigue 

damage initiation in thin films. Cyclic strain with an amplitude of 1% was applied to polymer-supported 

ultrafine grained gold and copper films allowing for observation of numerous independent localized plas- 

ticity events within a single macrosample. Detailed electron backscatter diffraction analysis of the mi- 

crostructure in the vicinity of these plasticity events was performed to gain statistical information and 

elucidate robust correlations. On the local scale, the damage was initiated in large grains ( > 1 μm) in the 

vicinity of coherent twin boundaries specifically oriented with respect to the loading direction. When 

appropriate large grains were not present in the initial microstructure, mechanically induced grain coars- 

ening preceded fatigue damage initiation. If the initial microstructure did not contain properly oriented 

coherent twin boundaries, then the local grain size of dynamically coarsened grains was the sole param- 

eter controlling plastic slip localization. On the global scale, the major parameters of the microstructure 

influencing the fatigue damage initiation process are the fraction of twin boundaries, texture, and the 

width of the grain size distribution. Based on the presented results a clear strategy for improving the 

fatigue life of thin films is proposed. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Fatigue damage initiation in single-crystalline metals is well un- 

erstood. Cyclically applied mechanical load leads to generation, 

ovement, and multiplication of dislocations. After a certain num- 

er of loading cycles, dislocations start to agglomerate and form 

o-called persistent slip bands (PSBs) which act as zones of cyclic 

train localization [1–5] . The application of further loading cycles 

esults in development of extrusions, intrusion, and cracks within 

he PSBs. This classical mechanistic picture is formulated without 

aking into account the existence of grain boundaries (GBs), but 

t still works well for polycrystalline materials as long as the grain 

ize is significantly larger than the characteristic length scale of the 

islocation wall structures within a PSB, which is on the order of 

 μm. With decreasing grain size the GBs start to affect the fatigue 

amage initiation process. On the one hand, GBs are obstacles for 

islocation motion, thus the size of a PSB is restricted by the size 

f the related grain. On the other hand, specific GBs can act as 

train localization sites and thus compete with strain localization 

ue to PSB formation. For instance, it was shown that in steel sam- 
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les with grain sizes of several tens of micrometers the cracks can 

e initiated both from PSBs and GBs [6–9] . A particularly specific 

B which was frequently reported to act as a crack initiation site 

s the coherent twin boundary (CTB) [10–15] . The classical model 

y Heinz and Neumann [12] suggests that strain localization near 

 CTB occurs due to the mismatch of elastic modulus between par- 

nt and twin. Systematic research work on fatigue crack initiation 

n precipitate strengthened fcc Ni-based superalloys with average 

rain sizes of about 30 μm demonstrated that fatigue cracks were 

lways initiated close to a CTB [13–15] . When a material becomes 

ltra-fine grained (i.e. with grain sizes between 100 nm and 1 μm), 

he dislocations induced by cyclic mechanical load are unable to 

ravel for distances long enough to form classical PSBs. Instead, lo- 

al slip bands and extrusions within single grains are observed, or 

he cracks are initiated directly on GBs [16] . It is thus to expect 

hat specific grain orientations and GBs with specific properties 

ill act as weak links responsible for fatigue crack initiation in an 

FG material. 

Numerous research works have reported about the evolution of 

atigue damage in free-standing UFG and nanocrystalline samples 

17–26] , however, without placing much emphasis on the dam- 

ge initiation with respect to the material microstructure. These 

orks focused rather on fatigue crack propagation [ 20 , 21 , 23 , 24 ] or
rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Hypothetic energy landscape for activation of cyclic plastic deformation. Par- 

ticular microstructural features (grains with specific orientation and/or size, vicinity 

of GBs with specific properties, grains with higher density of dislocation sources) 

possess lower activation energy for localization of plastic strain. Three distinct cases 

are possible depending on the amplitude of applied stress: no plasticity is induced 

(Case 1), only the deepest minima are activated (Case 2), or numerous fatigue dam- 

age initiation sites are activated simultaneously (Case 3). 
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n general fatigue life measurements for comparison with the large 

atabase of bulk materials [ 17 , 19 , 21 , 22 ]. Although the initiation of

atigue cracks was addressed in detail in [23] , pre-notched samples 

ere employed in this study so the cracks were always observed 

t the notch tip. A more promising strategy to access the early 

tage of fatigue damage is to deposit a film on a substrate with 

igh elastic limit and apply global cyclic strain so that the sub- 

trate deforms elastically, but the film accumulates plastic strain. 

he advantage of such a test design is that the substrate prevents 

lobal strain localization and numerous independent events of fa- 

igue damage formation and propagation can be observed for a 

ingle sample, thereby largely removing stochastic or singular ef- 

ects. A polymer-supported film seems to be the perfect model 

ystem for the investigation of fatigue damage initiation, since in 

he absence of global defects only the intrinsic film microstructure 

ill control where and when the damage forms. Notably, the main 

rawback of this approach is the inability to simultaneously mea- 

ure the fatigue life to compare to bulk samples. 

A series of research works was published by the group of O. 

raft considering Cu, Al, and Au films [ 16 , 27–30 ] on polymer sub-

trates subjected to cyclic strain, with the main focus on cyclic 

tress-strain behavior, damage morphology and in-depth transmis- 

ion electron microscopy (TEM) characterization of dislocation ac- 

ivity. It was shown that fatigue cracks start to grow from extru- 

ions in thicker films, while in thinner ones they nucleate and 

row at grain boundaries. Regarding the initiation of fatigue dam- 

ge, it was only stated that the extrusions “occur in the larger 

rains of all the films” [16] . In a recent study [31] , fatigue behavior

f nanocrystalline gold films with different thicknesses on poly- 

mide substrates was analyzed in detail by scanning electron mi- 

roscopy (SEM) and TEM. The importance of dynamic grain coars- 

ning for fatigue damage initiation and propagation was clearly 

emonstrated, but possible correlations between the damage initi- 

tion sites with respect to the local microstructure were not inves- 

igated. Other reports on fatigue in polymer-supported metal films 

32–39] have also not considered the early stage of strain localiza- 

ion, but were focused rather on thickness-dependent fatigue life, 

rack propagation and crack morphology, as well as electrical con- 

uctivity degradation. 

To sum up the state of the art regarding the early stage of fa- 

igue damage initiation, a number of works have reported that in 

ne-grained materials (grain size from 1 to 100 μm), cyclic strain 

ypically localizes close to a CTB [ 6 , 7 , 13–15 ] and the grain size

nd local Schmid factor act as additional factors [13–15] . Further, 

n UFG and nanocrystalline materials the fatigue damage initiation 

ites were found with higher probability within larger grains [16] . 

oreover, local grain coarsening was frequently observed to oc- 

ur simultaneously with local plasticity or crack propagation [ 19–

1 , 26 , 31 ]. 

In this work polymer-supported Au and Cu films with tailored 

istinctly different microstructures are employed in an attempt 

o uncover the local and global parameters of the material mi- 

rostructure responsible for the localization of plastic strain at the 

arly stage of fatigue damage in UFG films. 

. General background remarks 

The approach to access fatigue damage initiation mechanisms 

sed in this work is fairly straightforward. A given amount of 

training cycles is applied to a polymer-supported film with partic- 

lar microstructure in order to induce cyclic damage. Ideally, the 

train amplitude and cycle number should be adjusted in a way 

hat pronounced but rather localized plastic deformation events 

an be observed on the film surface under the condition that no 

isible defects or stress concentration points are in the vicinity. 

hen the microstructures of the areas surrounding the local plas- 
2 
ic deformations are examined using electron backscatter diffrac- 

ion (EBSD). Finally, it is expected that by analyzing dozens of lo- 

al plastic deformation events it will be possible to identify global 

nd/or local parameters of the microstructure (i.e. parameters of 

rains and GBs) common for all fatigue damage initiation sites 

ith high statistical significance. 

To visualize this train of thought, let us assume exact knowl- 

dge of the stress required to activate cyclic plasticity in each 

oint of the microstructure. If one would regard an imaginary pro- 

le over the sample surface, then an activation energy landscape 

an be built. At some points the activation energy is high, in oth- 

rs lower, and there will be local and global minima, as shown 

chematically in Fig. 1 . By adjusting the applied strain amplitude 

ne can tailor how many local minima will be activated. In the 

ase that the applied cyclic mechanical load is too low (Case 1), 

he material remains purely elastic and no plastic strain localiza- 

ion is observed. Case 2 corresponds to the situation when only the 

eepest minima are activated, leading to low density of the dam- 

ge initiation sites while most of the film will remain in the elastic 

egime. In Case 3 many different local minima will be activated, 

hus a high density of plastic localization and damage initiation 

ill be observed. The activation energy landscape depends strongly 

n the material and respective microstructure. For instance, by de- 

reasing the grain size one can significantly shift the whole acti- 

ation energy landscape to higher energies even for the same ma- 

erial and texture. In this work, we explore different materials and 

icrostructures using the same strain amplitude – 1%, so that the 

olyimide substrate stays in purely elastic regime but significant 

lastic deformation can be accumulated within the film with in- 

reasing cycle number. Depending on the film microstructure, this 

train amplitude can correspond to different cases for the respec- 

ive energy landscapes, leading to high or low area density of ini- 

iation sites. 

The concept presented in Fig. 1 is simplified, since it assumes 

hat the landscape does not change during cyclic loading, which is 

ot necessarily the case. Although an evolution of the activation 

nergy landscape with the cycle number might lead to disappear- 

nce of some minima and appearance of new minima, we hypoth- 

size that the local microstructure, i.e. grain size and orientation as 

ell as GB parameters, predominantly determine the damage ini- 

iation process. With the help of the activation energy landscape 

oncept, we postulate that there are “weak links” which are prone 

o the plastic strain localization, and current research work is in- 

ended to establish whether there is a clear correlation between 
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Table 1 

Overview of investigated sample types and their initial microstructures. 

N Material, thickness Deposition method Grain size Texture (for more details see supplementary Fig. S1) Fraction of Twin Boundaries 

1 Au, 250 nm evaporation 145 ±40 nm strong: 92%@(111) ~10% 

2 Au, 500 nm evaporation 210 ±60 nm strong:89%@(111) ~12% 

3 Cu, 250 nm evaporation bi-modal moderate: 60%@(111), 20%@(511) N/A 

4 Cu 500 nm sputtering (in 8 cycles) 270 ±90 nm weak: 36% (111), 16%@(511) ~25% 

5 Cu 500 nm sputtering 730 ±220 nm no texture ~60% 
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he local microstructure parameters accessible with EBSD and the 

ctivation energy minima – those “weak links” where localization 

f plastic deformation will be observed at first. 

. Experimental 

Aiming at studying UFG thin films with distinctly different mi- 

rostructures, here we consider five thin film systems with mi- 

rostructures described in Table 1 . Au films with thicknesses of 

50 nm and 500 nm were deposited by electron beam evapora- 

ion on 125 μm polyimide (Upilex S) substrates. The deposition 

as performed at room temperature in a Balzers BAK 550 evap- 

ration machine with a vacuum of 2.1 × 10 −5 Pa and using a de- 

osition rate of 0.3 nm/s. A 10 nm thick Cr layer was deposited 

rior to the gold film to improve adhesion. No annealing or any 

ther post-treatment procedures were applied to the films. The 

50 nm thick Cu films were deposited using similar parameters on 

he same evaporation system. 

Furthermore, two sputter deposited Cu films with a thickness 

f 500 nm are considered in this work. In one case the films were

eposited in an FHR Line 600V modular inline sputter system. The 

ubstrates were fixed onto the carrier in the load-lock chamber 

nd after reaching a base pressure of 1 × 10 −4 Pa, plasma etch- 

ng of the polyimide substrates was performed. The Cu films were 

eposited in 8 cycles (approximately 63 nm per cycle) to obtain an 

ltra-fine grained microstructure. The second 500 nm thick Cu film 

as deposited in a custom-built laboratory-scale sputtering system 

ased on unbalanced AJA A320 XP magnetrons with a base pres- 

ure < 10 -4 Pa. The whole film was deposited in one cycle on the 

lasma-etched polyimide substrate. 

The test samples with width of 4 mm and length of 40 mm 

ere cut using a scalpel from larger sheets. Mechanical testing was 

erformed on an MTS Tytron 250 tensile testing device using a 

age length of 20 mm. Cyclic loading was applied in strain con- 

rol mode by means of a sine strain function oscillating between 

he initial position (zero strain) and the peak value of 1% with a 

requency of 0.5 Hz. The number of cycles leading to the appear- 

nce of local plasticity events but still prior to crack propagation 

as determined experimentally for each thin film system by mi- 

roscopic inspection. It is important to mention that fatigue exper- 

ments on polymer-supported films are different from the classi- 

al Coffin-Manson low cycle fatigue experiments [40] . Due to the 

olymer support, there is no total sample fracture and the number 

f cycles to failure cannot be unambiguously defined. Additionally, 

ince the polymer substrate is much thicker than the film, the total 

pplied force is carried mostly by the substrate and the film stress 

annot be acquired directly from the applied loading/straining pro- 

le. The current experimental design is intended to achieve the 

ain aim of the study – capturing the early stage of fatigue dam- 

ge initiation and establishing statistically robust correlations with 

espect to the microstructure. The evaluation of materials fatigue 

ife for comparison with bulk or micromechanical samples is out 

f scope of this work; interested readers are referred to Refs. [27–

0] . 

Scanning electron microscopy characterization was performed 

sing a Zeiss Leo 1525 at an acceleration voltage of 5 kV and with
3 
 30 μm aperture. All micrographs shown below were taken us- 

ng the in-lens detector. EBSD characterization was performed with 

n acceleration voltage of 20 kV and step sizes between 30 and 

0 nm, depending on the film microstructure. For each thin film 

ystem at least 30 damage initiation sites were detailed by EBSD 

or the analysis of crystal orientation correlations. The fraction of 

Bs was deduced using the corresponding identification routine 

f the Orientation Imaging Microscopy software (OIM Analysis TM 

.31), which is based on orientation relations. Tolerance angle of 

 ° was assumed during the identification of TBs. Since the incli- 

ation of the GB planes with respect to the surface is generally 

nknown, both coherent and incoherent TBs are included. For tex- 

ure quantifications the (111) ND and (511) ND directions with tol- 

rance misorientation of 10 ° were chosen. The corresponding areas 

f grain orientations on an inverse pole figure are depicted in sup- 

lementary figure Fig. S1. The (511) ND orientation corresponds to 

he twin component of (111) ND oriented grains as demonstrated 

n supplementary figure Fig. S2. 

. Results 

.1. Crack initiation in textured gold films 

The initial microstructures of thermally evaporated gold films 

ith thicknesses of 250 nm and 500 nm are shown in Fig. 2 . Both

lms exhibit strong (111) fiber texture but slightly different mi- 

rostructures. The 250 nm films possess lower average grain size 

f 145 ±40 nm and narrower grain size distribution in comparison 

o the 500 nm thick films having grain sizes of 210 ±60 nm and a

istribution with a larger “tail” approaching 1 μm ( Fig. 2 d). Both 

lms exhibit low fractions of TBs – between 10% and 15%. 

Successive development of fatigue damage with increasing cy- 

le number is demonstrated in Fig. 3 for the 250 nm thick Au films.

he cracks are always initiated within the areas of extended local 

lasticity, as shown in Fig. 3 a and b. These local plasticity areas 

ppearing bright in the SEM images (in contrast to the dark grey 

ristine surface) correspond to single grains which have dynami- 

ally grown during cyclic loading. The mechanisms of room tem- 

erature grain coarsening induced by cyclic strain were discussed 

n great details in a recent paper [41] . After initiating inside the 

oarsened grains, the cracks start to propagate with increasing cy- 

le number as shown in Fig. 3 c and d. The density and length of

racks also increases with cycle number ( Fig. 3 e and f) and are ex-

ected to reach saturation after applying a high enough cycle num- 

er as predicted by the shear lag model [ 42 , 43 ]. 

Detailed characterization of the microstructure of a typical 

rack initiation site is given in Fig. 4 . The SEM image and corre- 

ponding grain orientation map in ND direction are provided in 

ig. 4 a and b, respectively. As one can see, the extrusion/crack cou- 

le is located inside a heavily coarsened grain with a size of about 

 μm, i.e. more than an order of magnitude larger than the average 

rain size of the initial microstructure. This grain has no specific 

rientation which would explain extended local plasticity, since it 

xhibits neither a high maximum Schmid factor ( Fig. 4 c) nor a low

aylor factor ( Fig. 4 d). Orientations of 20 randomly chosen grains 

here local plasticity was observed are depicted in an inverse pole 
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Fig. 2. Initial microstructure of thermally evaporated gold films. The grain orientation maps for 250 nm and 500 nm thick films are shown in (a) and (b), respectively. The 

inverse pole figures for both film thicknesses are given in (c). The grain size distributions and average grain sizes are depicted in (d). 

Fig. 3. SEM images showing the development of fatigue damage in 250 nm thick 

Au films after 10 0 0 0 (a, b), 20 0 0 0 (c, d) and 70 0 0 0 (e, f) cycles with 1% peak strain. 

Images (b, d, f) are enlarged portions from the dashed squares in (a, c, e), respec- 

tively. The straining direction is horizontal. 

fi

n

c

c

Fig. 5. SEM images detailing the morphology of fatigue damage in 500 nm thick Au 

films after 20 0 0 cycles (a, b) and 50 0 0 cycles (c, d). Images (b) and (d) present en- 

larged portions from the dashed rectangles in (a) and (c), respectively. The straining 

direction is horizontal. 
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gure (IPF) shown in supplementary Fig. S3 to further confirm that 

o specific grain orientation can be associated with plastic slip lo- 

alization. It can be concluded that the size of this dynamically 

oarsened grain is the sole reason for the localization of plastic 
ig. 4. Analysis of a typical crack initiation site in 250 nm thick Au films, showing an SE

rain orientation map in the straining direction (s), Schmid factor map (d), and Taylor fac

4 
lip and crack initiation. According to the Hall-Petch relationship 

 44 , 45 ] larger grains have lower yield stress, thereby promoting lo- 

al plastic slip and accumulation of damage within these grains. 

In principle the same fatigue damage initiation mechanism 

olds also for the 500 nm thick Au films. Notably, the grains 

oarsen much faster with cycle number and crack initiation occurs 

ignificantly earlier, already after 20 0 0 cycles as shown in Fig. 5 .

yclic plasticity localizes within dynamically coarsened grains in 

orm of numerous surface slip steps ( Fig. 5 b) which then develop 

o cracks with increasing number of applied cycles ( Fig. 5 d). One 

an also see that in 500 nm thick films a significantly higher 

urface fraction is plastically deformed in comparison to the 250 

m thick films, where the major fraction of the surface remains 
M image (a), the EBSD grain orientation map normal to the surface (b), the EBSD 

tor map (e), respectively. The straining direction is horizontal. 
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Fig. 6. Initial microstructure of bimodal 250 nm thick Cu films. The EBSD grain 

orientation map is shown in (a), the corresponding inverse pole figures in (b), and 

the related grain size distribution in (c). The straining direction is horizontal (TD). 

Black color in (a) depicts areas which were not indexed by EBSD, corresponding to 

the nanocrystalline parts of the microstructure. White arrows in (a) highlight some 

examples of TBs inside large grains. 
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Fig. 7. SEM images of typical crack initiation sites in a 250 nm thick copper film 

with bimodal grain size distribution. After 20 0 0 cycles no cracks but localized ex- 

trusions marked by arrows in (a) are seen. Enlarged portion of (a) showing such 

localized extrusion is given in (b). After 50 0 0 cycles propagation of cracks (c) initi- 

ated at the localized extrusions detailed in (d) is observed. The straining direction 

is horizontal. 
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amage-free ( Fig. 3 ). This difference can be caused either by the 

lm thickness or by the difference in the initial grain size distri- 

ution. As seen from Fig. 2 d, 250 nm thick films have virtually no

rains above 400 nm in size. In contrast, the 500 nm thick films 

ontain a noticeable fraction of grains with sizes up to 1 μm. Since 

t is difficult to fabricate films with different thicknesses but ex- 

ctly the same microstructure, a series of annealing treatments of 

50 nm thick films was performed in order to induce a slight grain 

oarsening prior to mechanical test. After gentle annealing for 2 

ours at 75 °C, the average grain size of the 250 nm thick Au films

rew to 240 ±70 nm with some grains up to 1 μm in size, which

ery similar to the grain size distribution of as-deposited 500 nm 

hick films. The annealing treatment did not lead to any notice- 

ble changes in the fatigue damage initiation process in 250 nm 

hick films. Swifter grain coarsening with cycle number and, as a 

onsequence, much faster initiation of surface damage in 500 nm 

hick is thus attributed to the difference in film thickness. A po- 

ential explanation of this effect is based on experimental obser- 

ations suggesting that grain boundary migration occurs through 

he movement of grain boundary steps, also called disconnections 

 46 , 47 ]. Generation of new disconnections can occur through the 

bsorption of lattice dislocations by the grain boundary. Due to 

he larger height more lattice dislocations can impinge the grain 

oundary in 500 nm thick films in comparison to 250 nm thick 

lms, thereby providing more steps for grain boundary migration. 

dditionally, thicker grains have larger dislocation sources leading 

o lower stress required for the generation of new dislocations. 

.2. Crack initiation in copper films with bimodal grain size 

istribution 

In Fig. 6 the initial microstructure of 250 nm thick thermally 

vaporated Cu films is presented. They have a bimodal grain size 

istribution with peaks at about 1 μm and below 100 nm ( Fig. 6 b).

t is important to note that proper detection of grains smaller than 

0 nm in size using EBSD technique is difficult, since the Kikuchi 

atterns are formed by electrons that penetrated to depths of 20- 

0 nm in the material. Therefore, there are only few unambigu- 

usly indexed pixels per grain, which is not enough to determine 

he grain size. As a result, approximately 35% of the surface area 

annot be properly indexed and appears black in (a). Additional ex- 

mination using the backscatter electron detector (see supplemen- 

ary material, Fig. S5) confirmed the existence of a nanocrystalline 

atrix between the large grains. Due to the significant fraction of 

on-indexed points, it is difficult to identify the fraction of TBs un- 

mbiguously. However, it can be recognized in Fig. 6 a that most of 

he large grains contain TBs, with some exemplarily indicated by 
5 
hite arrows. As seen in Fig. 6 b, the texture of the films is also bi-

odal with about 60% close to (111) ND component and a weaker 

omponent of about 20% close to (511) ND, which corresponds to 

he twin component of the (111) oriented grains. 

Crack initiation sites can be clearly observed in these films after 

pplying 20 0 0 cycles with 1% strain. As depicted in Fig. 7 a and b,

parsely distributed strongly localized plastic deformations in the 

orm of extrusions are induced, while the rest of the surface re- 

ains unchanged. After 50 0 0 cycles numerous cracks propagating 

rom the crack initiation sites are observed on the surface, an ex- 

mple of which is shown in Fig. 7 c. The enlarged image ( Fig. 7 d)

emonstrates that the crack indeed started from a localized extru- 

ion. 

The SEM micrograph of a typical crack initiation site as well 

s the corresponding EBSD grain orientation map are shown in 

ig. 8 a and b, respectively. To make the correlation between SEM 

mage and grain orientation map more evident, white triangles 

ark identical positions in both images. The localized extrusion is 

ormed in the vicinity of CTB inclusions in a grain with an orien- 

ation close to (100) ND. The size of the parent grain is about 3 

m in equivalent diameter. With the help of more detailed orien- 

ation analysis of different parent-twin pairs associated with the 

ocalization of plastic strain presented in Fig. 8 c and d (parame- 

ers of all analyzed pairs are listed in the supplementary Table S1), 

everal clear trends can be detected. As follows from Fig. 8 c, all 

arent grains are oriented close to (100) ND direction within a tol- 

rance angle of about 10 °. Even though in the straining direction 

 Fig. 8 d) the considered parent-twin pairs seem to be distributed 

ather randomly, three different groups can be clearly detected. In 

he first group both parent and twin have maximum Schmid fac- 

ors of 0.48 or more. Due to the high resolved shear stress accu- 

ulation of plastic slip in such grains occurs quickly with increas- 

ng number of applied cycles. The second group involves grains 

ith a “stiff” twin inclusion having an elastic modulus 1.5 to 1.8 

imes higher than the parent in straining direction. This case cor- 

esponds to the model of Heinz and Neumann [12] , which explains 

ppearance of high local strains by the elastic mismatch in elas- 

ically anisotropic materials. The third group contains pairs with 

he same maximum Schmid factor that corresponds to the paral- 

el slip configuration, i.e. when the CTB plane is parallel to the slip 
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Fig. 8. Microstructural analysis of fatigue damage initiation sites in 250 nm thick Cu films with bi-modal grain size distribution. A typical crack initiation site is demonstrated 

by an SEM image (a) and corresponding EBSD grain orientation map (b). Inverse pole figures showing orientations of parent and twin grains associated with the localized 

extrusions in the surface normal direction and straining direction are depicted in (c) and (d), respectively. In (d) additional contours of the equal maximum Schmid factor 

(dashed black) and elastic modulus (solid brown) are included. The white triangles mark the identical position in (a) and (b). Two black arrows in (d) indicate a pair with 

rather low maximum Schmid factor and parallel slip configuration. The straining direction is horizontal. 

p  

b

c

f

m

c

c

i

w

p

r

(

a

p

g

c

a

c

i

o

r

t

m

t

o

t

a

p

g

i

o

a

4

d

s

(

b  

t

l

2

d

c  

t

e

d

Fig. 9. Initial microstructure of 500 nm thick Cu deposited in 8 sputtering cycles. 

The EBSD grain orientation map is shown in (a), the corresponding inverse pole 

figures in (b) and the related grain size distribution in (c). 
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lane [13] . An example of such a pair is depicted in Fig. 8 d by two

lack arrows. In parallel slip configuration, activated dislocations 

an easily travel without crossing a grain boundary, which leads to 

ast accumulation of plastic strain, as was demonstrated by direct 

easurements using digital image correlation [13] . 

It is important to mention that in the initial bi-modal mi- 

rostructure numerous large grains are present and most of them 

ontain twin boundaries, as exemplarily indicated by white arrows 

n Fig. 6 a. Additional analysis of the orientations of large grains 

ith twin inclusions in the initial microstructure, as shown in Sup- 

lementary Fig. S6, proves that the texture of large twinned grains 

esembles the general texture with the major component close to 

111) ND ( Fig 6 b). However, only large grains with twin inclusions 

nd orientations close to (100) ND act as crack initiation sites. The 

arent grains that initiated damage were larger than the largest 

rains in the initial microstructure, indicating that dynamic grain 

oarsening has supported plastic slip localization also in this case, 

lthough the existence of sparsely distributed large grain outliers 

annot be completely ruled out. Additionally, local grain coarsen- 

ng was observed in the wake of propagating cracks and in front 

f the crack tips. We regard grain coarsening as an important pre- 

equisite for crack propagation, as it softens the material locally, 

hus enhancing accumulation of cyclic plastic strain. 

Provided analysis allows formulation of the following three 

ain correlations between the damage initiation and microstruc- 

ure: (i) crack initiation sites are always next to a CTB, (ii) the 

rientation of parent grains are always close to (100) ND, (iii) 

he parent grains have sizes between 2 μm and 5 μm, i.e. they 

re larger than typical grains in the initial microstructure and ap- 

roach dimensions where dislocation spacing rather than mere 

rain size dominate the strength level. Additional factors promot- 

ng the cyclic slip localization are high maximum Schmid factor 

f both parent and twin, parallel slip configuration, or high elastic 

nisotropy between parent and twin. 

.3. Damage initiation in copper films with log-normal grain size 

istribution and mean grain size of 270 nm 

Cu films fabricated by sputter deposition in 8 cycles exhibit a 

table UFG microstructure with a mean grain size of about 270 nm 

 Fig. 9 ). The films are weakly textured with preferable orientations 

etween (111) and (100) ND ( Fig. 9 b), while the grain size distribu-

ion is very close to symmetric log-normal with virtually no grains 

arger than 900 nm. The fraction of TBs in these films was about 

5%. 

For this thin film microstructure, localized extrusions acting as 

amage initiation sites can be clearly detected after 30 0 0-50 0 0 cy- 

les with 1% strain, as demonstrated in Fig. 10 a and b. In analogy

o the previous case, local plasticity occurred in large grains with 

quivalent diameters between 1 and 3 μm. Grains in this size range 

id not exist in the initial microstructure, therefore dynamic grain 
6 
oarsening played again a significant role. In virtually all cases the 

xtrusions were formed close to a CTB. 

Detailed EBSD analysis of the microstructure surrounding the 

rack initiation sites is provided in Fig. 10 c and d (see also supple-

entary Table S2). In this case it was not always possible to unam- 

iguously assign parents and twins, since frequently CTBs were lo- 

ated between two inclusion-free grains of similar size. Otherwise, 

he correlations between the local microstructure surrounding the 

amage initiation sites are fairly similar to the previous case of the 

imodal grain size distribution. In normal direction one member of 

 pair was commonly close to the (100) ND orientation and virtu- 

lly no grains associated with local plasticity were oriented close 

o (111) ND. In the straining direction again all cases can be split 

etween the three groups: either high maximum Schmid factor, 

igh elastic anisotropy or parallel slip configuration. A noticeable 

ifference to the bi-modal Cu films is that the fraction of the pairs 

ith high elastic anisotropy is higher and the ratio of parent-twin 

lastic moduli was in many cases more than 2. Additionally, about 

0% of damage initiation sites fulfilled two of the additional pa- 

ameters (e.g. high Schmid factor and parallel slip configuration) si- 

ultaneously. We attribute this to the lower initial texture, which 

rovides a larger pool of possible orientations within the parent- 

win pairs. 

.4. Damage initiation in non-textured copper films with 

og-normally distributed grains and average size of about 800 nm 

The 500 nm thick Cu films deposited by sputtering in one cycle 

ithout interruptions exhibit a texture-free microstructure with an 

verage grain size of 820 ±240 nm and a log-normal grain size 

istribution ( Fig. 11 ). The fraction of TBs is about 60%, which is 

ignificantly higher than in the previous cases. It is important to 

ote that there is a noticeable amount of grains larger than 1 μm 

resent in the initial microstructure ( Fig. 11 c). 
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Fig. 10. Initiation of fatigue damage in 500 nm thick Cu films with log-normal grain size distribution and average grain size of 270 nm. An SEM image of typical damage 

initiation sites after 50 0 0 straining cycles is shown in (a) and the corresponding enlarged view in (b). Inverse pole figures depicting the orientations of parent and twin 

grains in the surface normal direction and straining direction are shown in (c) and (d), respectively. Straining direction is horizontal. 

Fig. 11. Initial microstructure of 500 nm thick Cu deposited via a single sputtering 

cycle. The EBSD grain orientation map is shown in (a), the corresponding inverse 

pole figures in (b) and the related grain size distribution in (c). 
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Cyclic strain of 1% induced numerous local plasticity events, 

esulting in the formation of surface slip bands and extrusions 

 Fig. 12 a and b) already after 10 0 0-20 0 0 cycles. In terms of the ac-

ivation energy landscape concept ( Fig. 1 ), this system clearly cor- 

esponds to case 3. With such a high initiation density it is rather 

ifficult to determine which initiation site will develop to a crack 

nd which will remain in form of localized plasticity. We consider 

hat more pronounced extrusions, such as the one depicted by an 

rrow in Fig. 12 b, have higher chances to initiate a crack than 

ust a surface slip band. The analysis of parent-twin orientations 

 Fig. 12 c and d) revealed that crack initiation sites can be again

plit into the three above mentioned groups (see also supplemen- 

ary Table S3). In normal direction the orientation of damage ini- 

iating pairs have larger spread than in previously considered Cu 

lms ( Fig. 12 c compared to Figs. 10 c and 8 c), and some of the

xtrusions are inclined with respect to the tensile axis ( Fig. 12 b). 

hese trends could be clearly attributed to the absence of texture 

nd high fraction of CTBs that greatly extends the range of parent- 

win configurations with low activation energy. It is important to 

ote that, in contrast to the cases considered above, no grain coars- 

ning occurred in these films. To prove this convincingly, the same 

urface area was examined before and after cyclic straining, see 

upplementary Fig. S7. Even in the vicinity of local plasticity events 
ig. 12. Initiation of fatigue damage in 500 nm thick Cu films with log-normal grain s

amage initiation sites after 20 0 0 straining cycles is shown in (a) and the corresponding

win grains in the surface normal direction and straining direction are shown in (c) and (

7 
o grain coarsening was observed. The absence of grain coarsening 

s attributed to high initial grain sizes with a significant fractions 

f grains with sizes between 1 and 2 μm. 

. Discussion 

Initiation of fatigue damage in UFG films can be well under- 

tood in the frameworks of the activation energy landscape con- 

ept ( Fig. 1 ). On the basis of presented results, one can state that

he two main conditions for a deep minimum in activation energy 

or plastic slip localization are the existence of a CTB and a grain 

ize of at least 1 μm. In addition to these primary conditions, at 

east one of the secondary conditions, i.e. high maximum Schmid 

actor ( ≥0.48) of parent or twin grain, high elastic anisotropy be- 

ween parent and twin, or a parallel slip configuration, must be 

atisfied. 

In Table 2 comparative quantitative analysis of the primary and 

econdary parameters for all considered film systems is presented. 

he gold films exhibit high texture and low amount of CTBs in 

he initial microstructure, thus having no deep activation energy 

inima. However, dynamic grain coarsening leads to appearance 

f large grains where dislocation slip can be activated, even with- 

ut the presence of CTBs and at relatively low maximum Schmid 

actors. Since the amount of CTBs does not increase significantly 

uring the grain coarsening process, the grain size remained the 

ole parameter responsible for the initiation of fatigue damage in 

his case. 

Despite different initial grain sizes and textures, all considered 

u films in general obey similar selection rules for fatigue damage 

nitiation sites. As follows from Table 2 , the secondary conditions 

re distributed slightly differently between the initiation sites in 

ifferent sam ple types. Some parent-twin pairs satisfy two of three 

econdary conditions simultaneously, leading the sum of observa- 

ion frequencies to exceed 100% (see also supplementary Tables S1, 

2, S3). 

Notably, in both 500 nm thick Cu films the parent grains re- 

ponsible for damage initiation have nearly the same size. In one 

ase the grains coarsen substantially to reach this size (see Fig. 9 c), 

hile in the other case there was no coarsening at all. This obser- 

ation indicates that there is an important transition scale of about 
ize distribution and an average grain size of 820 nm. SEM micrograph of typical 

 enlarged view in (b). Inverse pole figures depicting the orientations of parent and 

d), respectively. 
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Table 2 

Quantitative analysis of the grains associated with fatigue damage initiation in considered thin film systems. The grain sizes are average values from at least 

30 damage initiation events for each sample type. Additional factors are characterized by percentage of cases where observed. The sum of additional factor 

fraction values exceeds 100%, since two of three additional factors are satisfied simultaneously in some cases. 

N Material, 

thickness [nm] 

Vicinity of TB Average grain 

size [μm] 

Dynamic 

coarsening 

Secondary conditions: 

Schmid factor ≥0.48 Elastic moduli ratio ≥1.6 parallel slip 

1 Au, 250 nm no 2.85 ±0.87 very strong N/A N/A N/A 

2 Au, 500 nm no 2.23 ±0.58 very strong N/A N/A N/A 

3 Cu, 250 nm yes 3.04 ±0.91 strong 47% 24% 42% 

4 Cu 500 nm yes 1.34 ±0.36 strong 39% 45% 48% 

5 Cu 500 nm yes 1.37 ±0.33 absent 57% 26% 51% 
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 μm for the activation of cyclic plastic slip localization. In fact, no 

rains smaller than 900 nm were involved in damage initiation. 

his is most likely related to the fact that for common disloca- 

ion densities, at this length scale dislocation interaction changes 

rom dislocation-dislocation dominated to dislocation-grain bound- 

ry related. 

The average size of grains associated with damage initiation 

as the highest in 250 nm Cu with bi-modal initial grain size dis- 

ribution. Although grain coarsening was also observed in this case, 

e cannot rule out that some sparsely distributed 2-3 μm large 

utliers were present in the initial microstructure. 

The described correlations in local microstructure between the 

amage initiations sites in Cu films are very similar with those 

eported for a bulk Ni-based superalloy having rather complex 

recipitate-containing microstructure with an average grain size of 

bout 30 μm by Stinville et al. [13–15] . It appears that Stinville and

o-authors have provided a universal description of fatigue dam- 

ge initiation mechanism for conventional grain sizes: the damage 

s initiated close to CTBs if either the maximum Schmid factor of 

he parent grain is high, or the difference in elastic stiffness be- 

ween parent and twin is high, or the length of a CTB is at least

wo times larger than the average grain size [15] . With the results 

resented in the current work, it becomes clear that this mech- 

nism spans over different materials, grain sizes and sample ge- 

metries (bulk vs. polymer-supported thin film) as long as the mi- 

rostructure contains a noticeable fraction of twin boundaries and 

ignificant fraction of grains larger than 1 μm. 

The impact of dynamic grain coarsening on fatigue life and 

aterial reliability is somewhat controversial. On first sight, grain 

oarsening seems to be detrimental for cyclic reliability, since it 

eads to decrease of local yield stress and accelerated plastic slip 

ocalization. However, grain coarsening through grain boundary 

igration is a mechanism of plasticity that itself does not lead to 

ermanent plastic deformation. In some sense it substitutes dis- 

ocation slip, thus dissipating the excessive (non-elastic) energy 

ithout formation of slip steps. As an example, it was shown that 

he average grain size of thin gold film subjected to cyclic strain 

id grow by 300%, but no slip steps or permanent deformation 

as observed on the surface [40] . Grain coarsening can also help 

o slow down the crack propagation, especially in nanocrystalline 

aterials that have increased strength but limited plasticity [48] . 

ith the possibility of grain coarsening, crack propagation turns 

nto a multi-step process involving GB migration and grain coars- 

ning at the crack tip, succeeded by formation of slip steps, growth 

f extrusions and intrusions and, finally, stepwise crack extension 

19] . This way, the crack must follow the differently oriented active 

lip planes in neighboring grains, which also leads to the extension 

f the crack path. 

The influence of film thickness can be also evidenced from the 

resented results, since two films with similar microstructure but 

ifferent thicknesses (both Au films) were considered. We can state 

hat fatigue damage initiation mechanism does not depend consid- 

rably on film thickness. However, the kinetic parameters of dam- 
h

8 
ge initiation can be influenced strongly, as in the case of 500 nm 

hick Au films where dynamic grain coarsening and surface slip 

tep formation were much faster with increasing cycle number in 

omparison to 250 nm thick films. 

Bimodal microstructures are known to be beneficial for increas- 

ng ductility in nanocrystalline and UFG materials without a sig- 

ificant reduction in strength [49] . However, in the case of cyclic 

oading, rather marginal effects of bimodal microstructure on fa- 

igue life were reported [50] . In the particular case of Cu films with

i-modal microstructure, no significant improvement of the fatigue 

roperties was observed due to the existence of a small fraction 

f favorably oriented large grains with CTBs. These damage initia- 

ion sites were of low activation energy and thus responsible for 

ll initiated cracks, while the rest of the film remained damage- 

ree ( Fig. 7 ). 

In the current work we have considered a relatively high value 

f total cyclic strain amplitude ( �ε= 1%), which corresponds to a 

ow-cycle fatigue regime. It is supposed that the main conclusions 

an also be extrapolated to lower strain amplitudes (high-cycle fa- 

igue) in line with the picture of the activation energy landscape 

oncept. At lower strain amplitudes only the deepest energetic 

inima will be activated, which should result in a narrower pa- 

ameter range of potential initiation sites. In fact, this trend was 

irectly demonstrated in [14] , where the same material was sub- 

ected to different cyclic strains. If in low-cycle fatigue regime the 

ange of maximum Schmid factors started at 0.45, in high-cycle fa- 

igue only grains with a maximum Schmid factor exceeding 0.495 

ere involved in plastic strain localization. 

As a final remark, it is important to mention that within the 

urrent EBSD-based experimental approach, not all material prop- 

rties relevant for fatigue damage initiation can be captured. In 

articular, initial defect and dislocation densities as well as the 

mount of dislocation sources remain unknown, and could act as 

idden parameters influencing plastic slip localization. It is, how- 

ver, understood that even if such hidden factors do play a sub- 

tantial role in the fatigue damage initiation process, their discov- 

ry will not invalidate the presented analysis, but would rather ex- 

ent it. 

. Conclusions 

By employing thin films deposited on polymer substrates, the 

arly stage of fatigue damage in UFG Au and Cu was investigated 

ith the aim to identify how the formation of damage initiation 

ites is related to the local and global microstructure. It is shown 

hat fatigue damage is initiated in the vicinity of specifically ori- 

nted CTBs which involve either a grain with a high maximum 

chmid factor, parallel slip configuration, or large elastic anisotropy 

etween parent and twin in straining direction. The local grain 

ize is also a crucial parameter, since the grains where local plas- 

icity was observed were over 900 nm in equivalent diameter in 

ll cases, even though all microstructures were UFG in average. In 

ighly textured films with a low fraction of TBs the damage initia- 
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ion was independent from the local grain orientations and the size 

f dynamically coarsened grains was the sole parameter respon- 

ible for plastic slip localization. The effect of global microstruc- 

ure can be understood in terms of the activation energy landscape 

oncept. Global parameters which provide a large pool of potential 

amage initiation sites are low texture, high fraction of TBs, and 

 high fraction of large grains with sizes exceeding 1 μm in the 

nitial microstructure. 

Provided experimental observations allow to formulate a recipe 

or extension of fatigue life of UFG thin films. Low amounts of TBs 

nd strong (111) ND texture will significantly reduce the density 

f potential initiation sites (i.e. deep minima on activation energy 

andscape will be avoided). An additional important requirement is 

he narrow grain size distribution restricted to the low UFG range 

 < 500 nm). Strategies to impede GB migration and grain coars- 

ning by grain boundary pinning or grain boundary segregation 

ight help to increase the number of cycles until cracks start to 

ropagate. However, this requires some balancing, as grain coars- 

ning is believed to help to dissipate plastic energy and to extent 

he fatigue life by delaying fatigue initiation. 
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