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Quantitative investigation was performed to understand effects of length scales (film thickness) on grain growth
and corresponding fatigue damage behaviors in the nanocrystalline Au thin films on flexible substrates with a
film thickness ranging from 930 nm to 20 nm. In thicker films (h = 90 nm), abnormal grain growth happened
due to the local high stress, while in thinner films uniform grain growth occurred. Such length-dependent grain
growth mechanisms was found to be associated with the film strength and the film thickness. Consequently, the
main damages in thicker films exhibited the applied load range-related competition between the intergranular

cracks and the intragranular cracks along the localized slip. In the thinner film, fatigue damage is associated with
GB-related behaviors, such as intergranular cracking and deformation twinning.

1. Introduction

In recent years, flexible and/or stretchable electronics have become
a major research trend [1-3]. In a real application, the systems may be
subjected to repeatedly mechanical deformation. For example, wear-
able devices will be bent, twisted and stretched repeatedly in daily use
[3,4]. One of the weakest components in the system against repeatedly
mechanical deformation (or fatigue loading) is a metal film, which is
used as an electrical connection between electronic units [1,3]. Thus,
understanding of deformation and failure mechanisms of metal films on
flexible substrates under cyclic loading is a key to build high-perfor-
mance and long-term reliable flexible circuits.

A cyclically deformed metal film on a substrate shows quite dif-
ferent deformation behaviors from its bulk counterpart [5,6], among
which one of the most prominent is the length-scale-controlled fatigue
behavior. Systematic investigations of the fatigue behavior of metal
films on substrates reveal that when decreasing the film thickness from
several microns to the submicron scale, the typical surface damage in
fatigued bulk metals, such as extrusions and cracks near extrusions, is
gradually suppressed and replaced by damage that is localized at in-
terfaces [6-12]. Furthermore, when the film thickness and/or grain size
decreases down to the nanoscale, grain boundary (GB) instability under
cyclic loading is frequently observed in Ni [13], Cu [14] and Ni-Fe alloy
[15,16], Cu films [17], Au films [18,19], Al films [20], Pd films [21],
etc. Cyclic deformation behaviors have been found to be greatly af-
fected by the microstructure instability [16,22-24]. Evident effects of
cyclic softening during cyclic deformation are related to dynamic grain
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growth in the ultrafine-grained metals [22,25,26]. The abnormally
coarsened grains frequently lead to cyclic strain localization which
would accelerate fatigue damage accumulation and decrease the fatigue
resistance [25,27]. However, whether the grain growth behavior is
related to length scales (film thickness) and how it would affect the
fatigue behaviors are still not understood well.

In the present study, a systematic investigation on grain growth and
fatigue damage behaviors was performed on nanocrystalline (NC) Au
films with a thickness ranging from 20 nm to 930 nm. Through the
quantitative evaluation of cyclic loading-induced grain growth and the
microstructure evolution in NC Au thin films, the effect of length scales
on grain growth and its effect on the fatigue damage behavior were
elucidated.

2. Experimental
2.1. Materials

We deposited Au films (target purity: 99.99%) with a thickness of
930 nm, 170 nm, 90 nm, 40 nm and 20 nm onto 125 pm-thick poly-
imide (Dupont Kapton®) substrates using DC magnetron sputtering
(Denton sputtering system) under ultra-high vacuum (10~7 Torr) with
the working pressure of 0.4 Pa. Before the deposition, the substrate was
cleaned by sputtering Ar ions for about 5 min to remove the surface
contamination and to improve the bond between the substrate and the
film.
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2.2. Structural characterization

X-ray diffraction (XRD) 6 — 26 scans were recorded on a Rigaku X-
ray diffractometer D/MAX-2500/PC equipped with Cu-Ko radiation
(56 kV, 182 mA). X-ray diffraction 6 —26 scans reveal that all the films
have a strong {111} out-of-plane texture. Surface morphologies of the
films were characterized by a field-emission scanning electron micro-
scopy (SEM, Zeiss Supra 35) under an accelerating voltage of 20 kV.
The as-deposited and fatigued samples were characterized by field-
emission transmission electron microscopies (TEM, FEI Tecnai F20).

TEM samples were mechanically ground to ~30 um in thickness,
and then further thinned from the substrate side by ion milling on a
precision ion polishing system (Gatan 691) at —100 °C. The average
size of each grain d = (L, + L,)/2, was determined by two vertical
lengths (L; and L,) of the grain measured under TEM.

2.3. Fatigue testing methods

Fatigue testing of the film samples with a gauge section of ~ 13 mm
in length and 3 mm in width was performed on a microforce testing
system (SHIMADZU, MMT-101NV-10). Fatigue tests were performed
under load control with a load ratio (the minimum load/the maximum
load) of 0.1. Since the polyimide substrate is elastic and much thicker
than the Au film, a constant total strain range (Ae) can be achieved by
applying such a constant load range [7,8]. Loading frequencies of the
low applied load range (Ae < ~ 1.3%) and the high applied load range
(Ae = ~1.3%) were 20 Hz and 1 Hz, respectively. A real-time electrical
resistance (R) of the film was measured during fatigue testing to de-
termine the fatigue life. The relative resistance increase
AR/Ry = (R — Ry)/Ry is correlated with the nucleation and propagation
of cracks in the film [28,29]. Fatigue life (Ny), the number of cycles to
failure, is determined to be cycles at which AR/R, increases to 10%,
where the macrocrack starts to propagate, resulting in the failure of the
film (the experimental details can be found in our earlier work [29]).
Besides, the reason for choosing a different fatigue frequency (1 Hz)
under the high applied load range is that the resistance measurement
was very unstable under the high applied load range with the frequency
of 20 Hz. However, the difference in such testing frequencies in our
experiment did not cause a decisive change in our conclusion, because
the main conclusion is based on the comparison of experimental results
under the same testing frequency. Furthermore, there are two im-
portant parameters for fatigue testing, i.e. Ny and Ag, as shown in Fig. 1.
To achieve the same Ny, thinner films would be subjected to higher
applied load ranges. In this study we compared films with different
thicknesses under approximately close Ny, indicating that the applied
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Fig. 1. Relation between applied strain range and fatigue life of the gold films. The choice
of the degree of the applied load range for comparison in this study was indicated by the
shadowed areas, region I and II.
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strain ranges are different in films with different thicknesses. Further-
more, enhanced load ranges were performed to films with different
thicknesses so as to have a comparison under approximately close Ae.

3. Results and discussion
3.1. As-deposited microstructure and fatigue damage morphology

Fig. 2 shows the representative TEM images of the as-deposited Au
films. The in-plan morphologies exhibit a well-equiaxed structure
(Figs. 2(a)-(e)). The average in-plane grain size is in a range of several
tens of nanometers and decreases with increasing the film thickness
shown in Fig. 2(f).

Fatigue damage morphologies of all Au films after about 10° cycles
mainly exhibited multiple cracks which were nearly normal to the
loading direction, as shown in Fig. 3. Bulk-like fatigue extrusions/in-
trusions in the thicker films occurred, as indicated by the arrows in
Fig. 3(b). This is quite similar to the finding in the micron-scale Cu films
[12,24]. With further decreasing the film thickness to the nanometer
scale, few bulk-like fatigue extrusions/intrusions could be observed,
instead the directly cracking along GBs became prevailed, as shown in
Fig. 3(e) and (f).

In addition to the characterization of fatigue damage behaviors, we
further examined stability of nanograins in all Au films after the fatigue
testing. Compared with the unfatigued samples (Fig. 2), obvious grain
growth occurred in all of the fatigued samples, as shown in Figs. 4-6.
Fig. 4 shows two different types of grain growth phenomena. In thicker
films, abnormal grain growth occurred which is characterized by a
rapid increase in size of a few grains, such that the grain size of the
abnormally-grown grains is much larger than the mean [30,31], as
shown in Fig. 4(a)-(f), while normal (uniform) grain growth happened,
which characterized by the uniform distribution of grain size [30,31],
as shown in Fig. 4(g) and (h). Obviously, when decreasing the film
thickness, the grain growth tended to be locally uniform. In the fol-
lowing section, we will reveal the film thickness-dependent grain
growth behavior and how it affected the fatigue damage behavior of the
Au films on the polyimide substrate.

3.2. Grain growth and crack initiation

In the 930 nm-thick film, the fatigue damage behavior was strain-
range dependent, as shown in Fig. 5. Besides, the grains obviously grew
compared with that in the as-deposited film (Fig. 2(e)). Under the lower
strain range (Ae = 0.50% and 0.61%), most fatigue cracking were
along the boundaries of the uniformly grown grains, as indicated by the
short arrows in Fig. 5(a) and (b). Some slip lines appeared in a few
grains, as indicated by long arrows in Fig. 5(a) and (b). Such localized
slip is also a preferential site for crack initiation. When increasing Ae =
0.84%, grains could still keep locally uniform (see Fig. 5(c)). More and
more slip lines were found in individual grains. Further enhancing the
applied strain range to Ae = 1.64%, some grains began to grow pre-
ferentially. Thus, we could observe extensive slip lines localized in
those large grains, as indicated by long arrows in Fig. 5(d). The in-
tragranular cracks initiating in the localized slip lines were the main
cracking mode. When decreasing the film thickness to 170 nm and
90 nm, cracks along GBs and localized slip could also be observed, as
shown in Fig. 6. However, the intragranular plasticity was obviously
limited in the film with film thickness of 170 nm and 90 nm compared
with that in the micron-thick film, which was evidenced by the fact that
the portion of GB cracking are larger than that in the 930 nm-thick film
under the similar applied strain range (see Figs. 5 and 6). When en-
hancing the applied strain range, some grains could also preferentially
grow before the crack initiation (see Figs. 4(d) and (f)). Generally, their
cracking mode was similar to the 930 nm-thick film.

When decreasing the film thickness (or grain size), the stress needed
for partial dislocation nucleation (z,) would gradually exceed that for
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Fig. 2. In-plane TEM images of the as-deposited Au films with a thickness of (a) 20 nm, (b) 40 nm, (¢) 90 nm, (d) 170 nm and (e) 930 nm. (f) Relationship between the film thickness and
the average in-plane grain size in the as-deposited Au films.

. > > Fig. 3. SEM observation of damage morphology in

Loadln dlreCtlon Au films with a thickness of (a) 930 nm at Ae =

. . 0.50%, (b) 930 nm at Ae = 1.64%, (c) 170 nm at Ae

: | - = 0.75%, (d) 90 nm at Ae = 0.88%, (e) 40 nm at Ae

= 1.05%, and (f) 20 nm at Ae = 1.41%. The damage

morphologies are mainly multiple cracks. The arrows

indicate the bulk-like extrusions/intrusions with the
damage zone width up to the micron scale.
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(¢) 170 nm, As=0.90% (d) 170 nm, Aé=1.50%

/
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Fig. 4. TEM images of microstructures around the fatigue cracks in the films with a thickness of (a) 930 nm at Ae = 0.40%, (b) 930 nm at Ae = 1.60%, (c) 170 nm at Ae = 0.90%, (d)
170 nm at Ae = 1.50%. (e) 90 nm at Ae = 0.89%, (f) 90 nm at Ae = 1.55%, (g) 40 nm at Ae = 1.21%, (h) 20 nm at Ae = 1.41%. The inset in (b) shows the abnormally-grown grains away
from the cracks. The fatigue cracks are indicated by the large open arrows. The abnormally-grown grains are indicated by the small solid arrows.

full dislocation nucleation (zy) [32-34], and

1 J6y Ga(l —v) J2d
= | In ",
cos(a —30°)| a 8J6m(1 —v)d a @
S Ga N J2d
NT o271 —v)dcosa a’ 2

where v is the stacking fault (SF) energy, G is the shear modulus, a is the
lattice parameter, v is the Poisson's ratio, d is the grain size, and 90°-a is
the angle between the shear stress and the Burgers vector. For Au [35],
vy = 40 mJ/m? G = 27 GPa, a = 0.408 nm, bp = 0.166 nm, v = 0.42,
and a = 25°. When grain size or film thickness below critical size (dp),
Tp > Ty, indicating that the partial dislocation behavior becomes a
governing mechanism and explains the observed nanotwins. According
to Egs. (1) and (2), dp is about 40 nm here. Thus, for the films with
thickness of 40 nm and 20 nm, the full dislocation behavior is con-
strained by the film thickness [19]. GB-related behavior gradually takes

(a) Ae=0.50%

(¢) Ac=0.84%

(b) Ac=0.61%
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place of the intragranular full dislocation behaviors [19,32,36-39].
Consequently, cracking along GBs becomes the main cracking mode
regardless of the applied load range.

3.3. Grain growth and crack propagation

When the cracks fully propagate, the high stress at the crack tip is
found to cause preferential grain growth in the films with thickness of
930 nm, 170 nm and 90 nm, where the grains are much larger than its
surrounding grains, as shown in Fig. 4(a)—(f). Further decreasing the
film thickness to 40 nm and 20 nm, the grain size distribution tends to
be locally uniform, which means that the grain size around the fatigue
crack was similar to that away from the fatigue crack, as shown in
Fig. 4(g) and (h). Thus, the extent of abnormal grain growth is reduced
in the thinner films.

As discussed above, the preferentially-grown grains in front of the
crack tip is closely related to the high-stress level at the crack tip, thus

Fig. 5. SEM observation of damage morphology in
930 nm-thick Au films at (a) Ae = 0.50%, (b) Ae =
0.61%, (c) Ae = 0.84%, (d) Ae = 1.64%. The long
arrows indicate the surface slip bands and the short
arrows indicate the GB cracks.
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(b) 170 nm

(d) 90 nm

we can simply estimate the size of the stress-affected zone at a chan-
neling crack tip in the film by [40,41],

1
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where A is a constant depending on material and cracking pattern, ¢,y
is the applied strain, h is the film thickness, and oy is the yield stress of
the film. In the metal film on a substrate, the yield stress generally
increases when decreasing the film thickness [42-44]. Even in the
20 nm-thick film, the twinning behavior was found to be prevailed
[19,37-39,45], indicating that the relative high stress level remains in
the film. Thus, the size of the stress-affected zone would decrease when
decreasing the film thickness, which can simply explain the experi-
mental results.

Overall, grain growth happened in all the films. The extent of grain
growth was suggested to be associated with the applied load range,
loading cycles and the film thickness, as illustrated in Fig. 7.

In thicker films (h > ~ 90 nm), abnormal grain growth happened
along the fatigue cracks regardless of the magnitude of applied strain
range, while in thinner films uniform grain growth occurred. The
scaling effect on the abnormally grain growth was associated with the
strength of the studied film and the film thickness.

In thicker films (h > ~ 90 nm): under the low applied range the
main damages were intergranular cracks among the uniform grown
grains, and the micron cracks gradually evolved to long cracks which
would cause a considerable size of abnormally grown grains.

M Slip bands

=sss= Micron crack
@ Twinned grain
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Fig. 6. SEM observation of damage morphology in
Au films with a thickness of (a, b) 170 nm at Ae =
1.1%, and (c, d) 90 nm at Ae = 1.0%. The long ar-
rows indicate the surface slip bands and the short
arrows indicate the GB cracks.

Consequently, well-developed strain localization happened in those big
grains which exhibited a bulk-like damage behavior; when enhancing
the applied load range, the main damages were intergranular cracks
and intragranular cracks along the localized slip in the uniform grown
film. When further enhancing the applied load range, more grains were
observed to exhibit localized surface sip inside the grown grains.
Fatigue damage in the thinner film was associated with GB-related
behaviors, such as intergranular cracking, grain coarsening as well as
deformation twinning.

4. Conclusions

In summary, fatigue tests were performed on the NC Au films with a
thickness ranging from 20 nm to 930 nm constrained by a polyimide
substrate. We investigated the cyclic loading-induced grain growth
behaviors under fatigue testing and their effects on the fatigue damage
mechanisms. Grain growth happened in all the films. The extent of
grain growth was suggested to be associated with the applied load
range, loading cycles and the film thickness.

(1) In thicker films (h = 90 nm), abnormal grain growth happened due
to the locally high stress, while in thinner films uniform grain
growth occurred. Such film thickness-dependent grain growth me-
chanisms were suggested to be related to the size of the stress-af-
fected zone which is dependent on the film strength and film
thickness.

Fig. 7. Schematic illustration of the grain growth mechanisms
and the corresponding fatigue damage behaviors with decreasing
the film thickness and the applied strain range (Aeapp).

~90 nm

Film thickness

~20 nm
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(2) The main damages in thicker films exhibited the applied load range-
related competition between the intergranular cracks and the in-
tragranular cracks along the localized slip. When the micron cracks
evolved to long cracks which would cause a considerable size of the
high stress-driven abnormally-grown grains. Thus, well-developed
strain localization happened in those big grains which exhibited a
bulk-like damage behavior.

(3) In the thinner film, fatigue damage is associated with GB-related
behaviors, such as intergranular cracking and deformation twin-
ning.

To date, studies of the mechanical behavior of NC metal films have
concentrated on scaling effect on the deformation mechanisms with
decreasing the film thickness. The results reported here focus on the
scaling effect of the grain growth and its effect on the fatigue damage
mechanisms. Our understanding of the observed grain growth behavior
and mechanisms may provide a potential clue to improve the fatigue
resistance of the NC films through controlling grain growth behaviors.
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