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Abstract

Nanocrystalline (NC) metallic thin films on metal substrates usually undergo
substantial cracking at applied strains of a few percent due to strain concentration at
the film/substrate interfaces. In this work, we show that the cracking of a
nanocrystalline Cu film can be significantly inhibited by a NiTi alloy substrate. NC
Cu films are deposited on 304 stainless steel, Kapton and NiTi substrates, in which
plastic deformation occurs via dislocation slip, molecule chain disentanglement and
collective lattice shear, respectively. NC Cu film on NiTi substrate starts to show
observable cracks at an applied strain of 24%, in contrast to 6% for that on steel and
15% for that on Kapton. The crack density in the film on NiTi is two to three orders
lower than the counterparts. The discrepancy is suggested to attribute to the reduced
local strain concentration enabled by the uniform lattice shear and high strain
hardening of NiTi substrate.
Keywords: nanocrystalline, thin film, ductility, crack, martensitic transformation,
NiTi
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1. Introduction
Nanostructured metallic thin films are promising candidates for a large variety of
applications due to the superior combination of structural and functional properties to

their counterparts [1-6]. In the past decades, extensive efforts have been dedicated to

the understanding of the deformation behaviors of nanostructured metallic thin films
in order to improve their durability or stability during service [7-11]. While
exceptional properties such as high strength, hardness and wear resistance have been
well-established, the achievement of reasonable ductility remains a major challenge in
order to reduce the risk of early cracking of the films [8, 9, 12-15].

Freestanding nanostructured metallic films are known to crack significantly at
small strains typically less than a few percent, due to their limited work hardening
capacity and the great length-to-thickness ratio [16-18]. When the films are deposited
onto ductile substrates, the cracking is to some extent inhibited due to the strong
constraint effect between the films and substrates to suppress the strain localization in
the films [19, 20]. One typical type of the ductile substrates is polymers. Polymer
substrates undergo plastic deformation through molecule chain disentanglement in a
relative uniform manner without introducing structural defects [21, 22]. In this regard,
the strain concentration associated with the structural defects is limited at the film/
substrate interface such that the ductility of the films can be mostly retained. For
instance, Cu films of 1um in thickness on Kapton substrates (with Cr as an adhesion
layer) can be stretched up to 50% before cracking [23]. However, as the thicknesses
or grain sizes approach the nanoscale (<100 nm), the thin films are difficult to deform
plastically because of dimensional constraints on dislocation activity [24, 25]. In this
case, the high level of stress triggers grain boundary decohesion or film delamination
before ductility occurs and the total elongation at failure is typically small [24].

A second type of the ductile substrates is metals that deform by dislocation slip.
It has been shown that the ductility of a nanocrystalline (NC) Ni thin film can be
enhanced by a coarse-grained (CG) Cu substrate, owing to the suppression of strain
localization from the CG Cu substrate [26]. Such a wisdom has been widely applied
in nanostructured bulk metals by creating bimodal [27], heterogeneous [28] and

gradient structures [29]. These strategies all allow well-accommodated plastic
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deformation between the constituents. But in a film/substrate system, the suppression
of the strain localization from the substrate is usually not sufficient. Upon the yielding
of the metallic substrate, a high density of dislocations pile up at the film/substrate
interfaces, leading to a significant increase in the strain concentration. To
accommodate the plastic strain of the substrate, shear banding in the thin film often
occurs at a small strain and results in early rupture of the film [26, 30].

According to the above analyses, two requirements for the selection of substrates
can be inferred. First, the plastic deformation of the substrates should introduce as few
structural defects (e.g. dislocations) as possible to mitigate the strain concentration at
the film/substrate interfaces. Second, the adhesion between the films and substrates
should be strong in order to suppress the delamination or necking of the films. We
suggest that the two requirements may be met by using NiTi shape memory alloys
(SMAs) as substrates. NiTi SMAs undergo stress-induced martensitic transformation
(SIMT) during deformation [31, 32]. The transformation strain is generated by
collective lattice shear, which is uniform and essentially different from the
deformation mechanism based on dislocation slip in conventional metals [32-37].
Such a characteristic of NiTi is effective in relieving the strain concentration and has
allowed the neighboring constituents to exhibit ultra large elastic strain limit in a large
variety of composite systems [32-37]. Most recently, similar results have been
justified in a Nb/NiTi film/substrate system [38]. Despite that the previous studies
have mostly concentrated on the elastic deformation of the films (or the neighboring
constituents), they all suggest that the unique deformation behavior of NiTi strongly
affects the deformation behavior of its neighbors. In this sense, the cracking behavior
of a thin film on a NiTi substrate may be significantly different from that on other
substrates. It is possible that the early cracking of a nanocrystalline thin film may be
inhibited by the NiTi substrate. In addition, compared to polymer substrates, NiTi
have much better adhesion to metal films. As such, the prefabrication of a transition
metal layer is probably unnecessary and hence the risk of early cracking associated
with transition layer can be reduced [23].

In this study, we fabricated NC Cu films on three different substrates, i.e. the

steel substrate, Kapton substrate and NiTi substrate. The deformation and cracking



behaviors of the NC Cu films were examined and compared. The onset strain of
cracking and crack density were measured for each specimen to characterize the
cracking behavior. The plastic deformation mechanism of NC Cu film on NiTi
substrate was investigated by atomic force microscopy (AFM).

2. Material and Methods

Commercial 304 stainless steel (0.3 mm in thickness), Kapton (0.1 mm in
thickness) and NiTi (0.3 mm in thickness) plates were used to fabricate the substrates
used in this study. The atomic composition of the NiTi plate was Ni50.7-Ti49.3. It
was obtained by cold-rolling a thicker plate (0.6 mm in thickness, solution-treated at
700 °C and water-quenched) to a thickness reduction of 50%. The as-rolled plate was
then annealed at 400 °C for 30 min. The as-annealed plate has a martensitic
transformation starting temperature (M) of -10 “C and an R-phase starting
temperature (Rs) of 20 “C (Fig. S1). The NiTi substrates used in this study were
consisted of single B2 phase as the experiments were performed at room temperature
(~25 °C).

The three types of plates were cut into dog-bone shaped substrates with a gauge
length of 20 mm. Steel and NiTi substrates were subjected to mechanical polishing to
mirror level. All substrates were ultrasonically cleaned by acetone and ethanol and
blown by nitrogen gas before being placed into the sputtering chamber. The base

pressure of the chamber was 1.0 % 10-7 Torr. The purity of the Cu target was 99.995 at.

%. Cu films of 50 nm in thickness were deposited onto the gauge area of the
substrates with a DC power of 200 W and a working gas (Ar) pressure of 3.2 x 103
Torr using a K.J. Lesker Labline sputtering system. The target-to-substrate distance
was 100 mm and the deposition rate was 0.39 nm s-!. The sample stage was rotating
at a speed of 5 r/min during deposition. As-deposited specimens were kept in vacuum
before testing to avoid possible oxidation and contamination. Tensile tests were
formed using a WDT II-20 Instron-type tensile machine at a strain rate of 5 x 10-4s-1.
During tensile tests, the electrical resistance of the specimens was measured using a
Keithley 2000 four-point probe system. Thermally-induced transformation of the NiTi
substrate was examined using a Q20 differential scanning calorimeter (DSC) at a

cooling and heating rate of 5 K/min. The microstructure of the films was
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characterized using an FEI Tecnai F20 transmission electron microscope (TEM). The
film surface morphology before and after tensile tests was characterized using a
Quanta 200 scanning electron microscope (SEM) and an Agilent 5500 atomic force
microscope (AFM).
3. Results and discussion

Fig. la is a bright-field TEM image of NC Cu film deposited on carbon-coated
TEM washer, showing equiaxed nanosized grains. The inset is a selected-area electron
diffraction (SAD) pattern showing the face-centered-cubic crystal structure of the
film. The average grain size is about 31 nm based on the TEM image, as shown in
Fig. 1b. Fig. 1c shows an AFM image of NC Cu film deposited on NiTi substrate.
Equiaxed nanosized grains were observed on the surface of the film. Fig. 1d shows
that the average grain size is about 30 nm, which is consistent with that in Fig. 1b.
The grain size of NC Cu films on the steel substrate is about 32 nm as shown in Fig.
S2a-b, and that on Kapton substrate is about 11 nm as shown in Fig. S5c-d. The
difference in the grain size is probably related to the different wetting and diffusion
properties of the film (during nucleation stage) on metal and polymer substrates.

Uniaxial tensile tests were carried out to examine the cracking behavior of the
NC Cu films on different substrates at different strains. The morphological change of
the NC Cu films were examined by SEM and the results are shown in Fig.2. For NC
Cu films on steel substrate at the strain of 6% (Fig. 2 a), very few cracks were
observed. Deformation bands along 45° with respect to the loading direction (the
horizontal direction) were present. The formation of these deformation bands is due to
the formation of the deformation bands on the surface of the steel substrate [39] . At
the strain of 24% (Fig. 2b), a high density of cracks appeared in the NC Cu film
probably due to the strain mismatch between the substrate and the film. Moreover,
film delamination was observed at the areas where cracks of different propagation
directions crossed, as labeled by the arrows in Fig. 2b. These areas seem
corresponding to the grain boundaries of the steel substrates. The grain boundaries
were presumed as where the fronts of the deformation bands of different orientations
encountered. As a possible result, large strain was concentrated at these areas and

hence film delamination occurred. The enlarged view in Fig. 3a shows that the cracks



were long and straight in shape and crossed the whole steel grain. This implies that
the crack propagation was barely mitigated by the steel substrate.

In comparison, the crack morphology of NC Cu films on Kapton substrate was
very different. At 6% strain (Fig.2c), no cracks or any other morphological changes
were observed. The film was nearly intact. At 24% strain (Fig.2d), cracks
perpendicular to the loading direction were observed. In contrast to those in the NC
Cu film on steel substrates, the cracks here were short and zigzag in shape, as shown
by the enlarged image in Fig. 3b. This is because the plastic deformation of the film
was confined by the uniform elongation of Kapton substrate, as previously reported
[24]. Moreover, the strain hardening of Kapton substrate may have hindered the crack
propagation, resulting in the zigzag shape of cracks.

Figs. 2e-f show the morphology of NC Cu film deposited on NiTi substrates
subjected to different strains. At the strain of 6%, the film was nearly intact. When the
strain reached 24%, deformation bands appeared on the surface of the NC Cu film,
similar to those in film on steel substrate at 6% (Fig.2a). Slight deformation bands
were observed occasionally at lower strain (9%-12%). A close examination shows
only one crack over the entire film surface, as shown in Fig.3c. More SEM images are
shown in Fig. S3. Fig. 4 compares the crack density in NC Cu films on different
substrates, as a function of strain. The crack density was defined as the crack length
per unit area. With increasing strain, the crack density of NC Cu film on steel
substrate increased rapidly from 3% to 9% of strain and became nearly saturated after
the strain of 12%. The maximum crack density was about 8 um/um? at the strain of
26%. In comparison, the crack density of Cu films on Kapton substrate was about two
orders lower. The maximum crack density was about 1.3x10-! ym/um? at the strain of
26%. From 0% to 15% of strain, the cracks were not observed. An abrupt increase of
crack density was observed when the strain exceeds 24%. Last, the crack density of
NC Cu film on NiTi substrate was the lowest. The cracks were not observed from 0%
to 24% of strain. At the strain of 26%, the crack density was only 9%10-3 pm/pum2.
These results suggest that the NiTi substrate can inhibit the crack growth and
propagation in the NC Cu film more effectively than the steel and Kapton substrate.

It must be noted that the onset cracking strains measured by SEM could be upper



bound values since non-detectable microcracks may be present way earlier. A more
precise method to characterize the onset cracking could be measuring the electrical
resistance (R) of the films during tension [23-25, 40] because R is very sensitive to the
structural variation of the films. It has been shown that the onset strain of cracking
can be determined by the deviation of R from linearity with increasing strain (R
increases abruptly upon cracking) [23, 24]. Our results in Fig. S4a-b show consistent
results to literature. However, such a method is not applicable for films on NiTi
substrates. This is because the NiTi substrate underwent SIMT during which R
changes significantly [32, 41] and hence the R variation of the film is difficult to
examine. As shown in Fig. S4c, AR/Ro of NC Cu film on NiTi substrate first increased
linearly with increasing strain and then deviated downwards with respect to the initial
linear stage. This is in sharp contrast to the upward deviation in literature [23, 24]. For
this reason, such a method cannot be used to characterize the cracking behavior of the
NC Cu film on NiTi substrate. The SEM-based results (Fig. 4), although probably not
accurate in this sense, are sufficiently useful in terms of making fair comparison
between the cracking behaviors of the films on different substrates.

We next discuss the possible mechanism of the inhibited cracking of NC Cu film
on NiTi substrate. Fig. 5 depicts the stress-strain curves and the deformation
mechanisms of the three substrates. For the steel substrate, apparent yielding was
observed below the strain of 1% (Fig. 5a). This is probably the point when massive
dislocation activities occurred. Meanwhile, a high density of dislocations may pile up
against the film/substrate interface, leading to high strain concentration and hence
local cracking. Since only limited preferential slip systems in a specific grain of the
substrate operated at the early stage of plastic deformation, the strain concentration
could not be mitigated instantaneously by strain hardening. As a result, the cracks,
once formed, propagated rapidly along the deformation bands in a straight manner
over a long distance (Fig.3a). In contrast, Kapton substrate deformed via the molecule
chain disentanglement, during which no structural defects like dislocations were
introduced (Fig. 5b). Therefore, the strain concentration at the film/substrate interface
was minor. This is the reason that its onset strain of cracking was much larger (Fig.4).

By comparison, the NiTi substrate deformed successively by B2>B19' SIMT (the



plateau regime), combined elastic and plastic deformation of B19' martensite (the
hardening regime) and plastic deformation of B19' martensite, as shown in Fig. 5c.
During the first two regimes, limited structural defects were introduced at the film/
substrate interface [34-36, 42]. The uniform lattice shear of SIMT prevented high
local strain concentration and assured a relatively uniform strain distribution at the
interface [34-36, 42], thus preventing the premature failure of the film. After that, the
B19' martensite rapidly stiffened with increasing strain due to dislocation and variant
interactions [43-46], which may further inhibit the crack propagation in the films.

We last examine the deformation behavior of NC Cu film on NiTi substrate
before cracking. It is well-known that dislocation activities are largely inhibited at
such a small grain size (30 nm) [4]. It therefore remains unclear microscopically what
has carried the plastic deformation of NC Cu films before cracking. Due to the
difficulty in obtaining TEM specimens for such thin films that are strongly bonded to
substrates, we observed the morphological variation of NC Cu films by AFM. Fig. 6
shows the AFM results of NC Cu film on NiTi substrate at different strains. Prior to
deformation, the grains were equiaxed in shape and the average grain size was about
30 nm, as shown in Figs. 6a-b. At the strain of 12%, the grains remained equiaxed but
the average grain size increased to 50 nm (Figs. 6¢-d). When the strain reached 21%,
some of the grains appeared elongated along the shear direction (= 45°), as outlined by
the dash lines in Fig. 6e. Furthermore, the average grain size increased to 187 nm as
seen in Fig. 6f. More AFM images can be found in Fig. S5. These results indicate that
the plasticity of the NC Cu films was significantly mediated by dynamic grain growth
in addition to dislocation activities. In contrast, significant dynamic grain growth was
not observed in Cu films on steel and Kapton substrate (Fig. S6 and S7).

The grain boundary mediated plasticity has been observed in a large variety of
NC metals such as the NC Al foil under in situ compression and the NC Cu surface
layer in a gradient structure under tension [29, 47-53]. It has been suggested that the
dynamic grain growth is mechanically driven (or stress-assisted) and could be
attributed to defect annihilation in nanograins in order to reduce the excessive grain
boundary energy [4, 29, 47]. A full understanding of grain boundary mobility and

grain growth is not available to date [4]. In case of our NC Cu on NiTi substrate, the



grain growth may be triggered by two factors. First, SIMT of NiTi may have inhibited
the possible failure associated with grain boundary shearing. Simulation results in NC
Ni have suggested that deformation mechanism becomes grain-boundary shearing or
sliding when the average grain size decreases down to 10 nm [54, 55]. It is possible
that SIMT reduces the local stress caused by grain-boundary shearing or sliding and
thus favors the dynamic grain growth process. Second, there is a possibility that the
heat released during SIMT may have increased the local temperature of the film [56,
57]. As such, the grain growth is thermally triggered. As for the absence of dynamic
grain growth in NC Cu film on steel and Kapton substrates, it is probably a result of
the competition of grain growth and cracking. These two mechanisms both tend to
release the localized strain energy in the film. As shown in Fig. 4, the cracking in Cu
films on steel and Kapton occurs much earlier than that on NiTi. As a result, the strain
energy has been released by cracking such that the grain growth cannot be
mechanically driven. These postulated mechanisms were not the focus of the present
study but may be confirmed in the future by using in situ techniques. But the dynamic
grain growth observed at least implies that the plastic deformation behavior of NC Cu
films on NiTi substrate may be rate-dependent [4, 52, 53]. In this sense, their cracking
behavior, which is tightly related with plastic deformation, may also be rate-
dependent. Different cracking behavior (or enhanced cracking tolerance) may thereby
be expected by changing the strain rate (Fig. S8). The onset cracking strain of NC Cu
film increased with decreasing strain rate. Lower strain rates allow the grain boundary
mediated plasticity to better accommodate the applied strain. As a result, the strain

localization is delayed and hence the onset strain of cracking is enhanced.

4. Conclusion

NC Cu films were sputter-deposited on steel, Kapton and NiTi substrates. The
deformation and cracking behaviors of the films were investigated and compared. The
onset strain of cracking in NC Cu film on NiTi substrate was 24%, in contrast to 6%
for film on steel and 15% for film on Kapton. Before evident cracking, NC Cu film
undergoes plastic deformation during which the average grain size increased from 30

nm to 180 nm. It was suggested that the inhibited cracking of NC Cu film on NiTi



substrate was probably attributed to the uniform lattice shear of SIMT and the high

strain hardening rate of B19' martensite.
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Fig. 1. (a) Plan-view bright-field TEM image of as-deposited nanocrystalline Cu films
(h=50 nm) on carbon-coated TEM washer. Inset shows SAD pattern with indexed
diffraction rings. (b) Grain size statistics based on TEM results, showing an average
grain size of ~ 31 nm. (c) AFM image of the surface of as-deposited Cu films (h=50
nm) on NiTi substrate. (d) Grain size statistics based on AFM results, showing an
average grain size of ~ 30 nm.
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Fig.2. Crack evolution with increasing applied tensile strain (&) in 50 nm Cu films on
different substrates. (a) Steel substrate, e=6%. (b) Steel substrate, £=24%. (c) Kapton
substrate, €=6%. (d) Kapton substrate, €=24%. (e) NiTi substrate, e=6%. (f) NiTi
substrate, e=24%. Loading is along the horizontal direction.
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Fig. 3. Enlarged view of cracks in 50 nm Cu films at an applied strain of 24% on
different substrates. (a) Steel substrate. (b) Kapton substrate. (c) NiTi substrate.
Loading is along the horizontal direction.
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Fig. 4. Crack density as a function of applied strain for Cu films on different
substrates. Crack density was denoted as the crack length per unit area.
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Fig. 5. Stress-strain curves of different substrates and the illustrated plastic
deformation mechanisms. (a) Steel substrate. Plasticity occurs by dislocation slip. (b)
Kapton substrate. Plasticity occurs by molecule chain disentanglement. (c) NiTi
substrate. Plasticity occurs by stress-induced B2->B19' transformation and dislocation
slip of B19' martensite.
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Fig. 6. (a, c, ) Grain morphology of Cu films on NiTi substrate at different applied
strains observed by AFM. The outlines in e show the elongated grains. (b, d, f) Grain
size statistics of Cu films at different applied strain.
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