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Abstract Aluminum–manganese (Al–Mn) thin films
with manganese concentration up to 20.5 at.% were
deposited on polyimide (PI) substrates. A variety of
phases, including supersaturated fcc (5.2 at.% Mn),
duplex fcc and amorphous (11.5 at.% Mn), and com-
pletely amorphous phase (20.5 at.%Mn)were obtained
by adjusting alloying concentration in the film. Tensile
deformation and subsequent fracture of strained Al–
Mn films on PI were investigated experimentally and
by finite element simulations. Compared with crys-
talline and dual phase counterparts, amorphous thin
film exhibits the highest fracture stress and fracture
toughness, but limited elongation.Based on the fracture
mechanism model, a multilayer scheme was adopted
to optimize the ductility and the fracture properties
of the amorphous film/PI system. It was found that
by sandwiching the amorphous film (20.5 at.% Mn)
between two ductile Cu layers, the elongation can be
improved by more than ten times, and the interfacial
fracture toughness by more than twenty times. This
design provides important guidelines to obtain opti-
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1 Introduction

Flexible electronics has gained great interest lately
due to potential applications as wearable electronic
devices (Wagner et al. 2004), sensor skins (Lumelsky
et al. 2001), electronic textiles (Bonderover and Wag-
ner 2004), and flexible solar cells (Brabec 2004), etc.
Ductility mismatch between the metallic interconnect
thin films and the flexible polymer substrate has often
led to limited stretchability and thus hindering reli-
able performance of the whole system. Various strate-
gies have been adopted to improve the stretchability
of the metal film coated on polymer, mostly focus-
ing on crystalline thin films, such as Cu and Cr, etc.
Metallic film rupture strain has been found to be highly
sensitive to film adhesion to the substrate. Improved
film/substrate adhesion delays interfacial decohesion
and retards strain localization, such as necking or shear
band formation in the film (George et al. 2005; Xiang
et al. 2005). Annealing at relatively low temperatures
also improves the strechability and fracture toughness
of crystalline thin films by grain growth and other
related phenomena (Lu et al. 2009). Compared with
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crystalline metallic films, various amorphous alloys
stand out to be good candidates as functional materials
due to their good metallic bonding ability (Chu et al.
2009; Inoue 2001; Wang 2009), excellent mechanical,
corrosion (Chu et al. 2010; Moffat et al. 1993), and
magnetic properties (McHenry et al. 1999; Phan and
Peng 2008). However, amorphous alloys are intrin-
sically brittle. When stretched, the glassy film can-
not sustain the required co-deformation with the sub-
strate. Such considerations have motivated the authors
to improve themechanical properties (focusing on frac-
ture toughness, interfacial fracture toughness and elon-
gation) of amorphous metal films coated on polymer
substrates.

Most amorphous alloys are quasi-brittle due to the
lack of strain hardening mechanisms or any intrinsic
crack propagation barriers, such as grain boundaries
or secondary phase boundaries. Therefore, their lim-
ited ductility and low fracture toughness often lead to
high sensitivity to structural variables, such as surface
roughness, making them unreliable for the widespread
use (Schuh et al. 2007). One solution for this issue
is adding crystalline metal layer(s) to create a hierar-
chical multilayered structure (Misra et al. 2005; Wang
and Anderson 2005; Zhang et al. 2014). The ductile
crystalline layer will mitigate the catastrophic shear
bands propagation of the amorphous layers and localize
crack propagation. Despite current progress, there have
been very limited attempts to characterize the fracture
behavior of amorphous alloys, especially under tensile
loading conditions. In this work, Cu was chosen as the
crystalline buffer layer to the amorphous film due to
its relatively high elongation and tensile strength. It
was proposed that if the strength of the well-adhered
crystalline layer is similar or higher than that of the
amorphous counterpart, the amorphous layer will be
constrained by the crystalline one, making the whole
multilayered film fail at a larger strain (Chen et al.
2011b; Li et al. 2007; Nieh et al. 1999). In this work,
crystallinity of the Al thin films was tuned by vary-
ing Mn concentration in the alloy (Ruan and Schuh
2009). Increasing Mn% from 5.2 to 20.5 at.% leads to
a phase transformation from supersaturated fcc phase
with moderate ductility to brittle amorphous phase.
Thin film microstructure and composition were char-
acterized using scanning electron microscopy (SEM),
energy dispersive spectra (EDS), transmission elec-
tron microscopy (TEM) and selected area diffraction
(SAD). Tensile tests of metal coated polyimide (PI)

were performed and the strains were measured using
digital image correlation (DIC) method. It was found
that the amorphous Al-20.5 at.%Mn exhibits the high-
est fracture stress and fracture toughness, but lowest
ductility. Further improvement of fracture toughness,
interfacial fracture toughness and elongation of the
amorphous alloy/PI system was achieved by adopting
bilayered and trilayered structure using ultrathin Cu
buffer layers. Finally, the failuremechanisms of the lay-
ered films were modeled using finite element analysis
(FEA).

2 Experimental procedure

Al–Mn thin films were magnetron sputtered on 7.6μm
thick PI foils (Kapton HN by DuPont). Prior to
film deposition, the PI substrates were ultrasonically
cleaned with acetone and ethanol. All depositions were
performed using the CRC-100 sputtering system with
70WRFpower at a base pressure of 1× 10−6 Torr. The
nominal target-substrate distance was 60 mm and the
deposition ratewas about 0.11 nm/s. Six sets of samples
were prepared, as listed in Table 1. The total thickness
of metallic films on all samples was kept at about 1.2
μm to minimize the film thickness effect on fracture
strain (Cordill et al. 2010). Samples M5 (Al-5.2 at.%
Mn), M11 (Al-11.5 at.% Mn) and M20 (Al-20.5 at.%
Mn) are 1.2 μm thick monolithic films on PI substrate.
Samples B1 and B2 are bilayered films with 50 and
100 nm Cu buffer layer between the PI substrate and
the Al–Mn film, respectively, with the total film thick-
ness (i.e. thickness of both the Cu and Al–Mn layer)
of 1.2 μm. Sample S is a trilayered structure on the PI
substrate, with twoCu layers (100 nm) sandwiching the
Al-20.5 at.% Mn layer (1 μm). After film deposition,
coated PI exhibits negligible curvature change, thus the
residual stress in the film is neglected in this study. This
is consistent with extensive previous reports showing
that the highly compressive residual stress in thin films
increases (or the absolute value decreases) rapidly with
increasing film thickness and becomes close to zero
at layer thicknesses greater than 500 nm (Frank et al.
2011).

Surface morphology and chemical composition of
as-deposited samples were characterized using scan-
ning electron microscopy (Hitachi SU-70) and energy
dispersive spectrometer (EDAX-Phoenix). TEM sam-
ples were prepared by directly sputtering Al–Mn alloys
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Table 1 Composition and mechanical properties of monolithic (M5, M11, and M20), bilayer (B1 and B2), and trilayer (S) Al–Mn thin
films deposited on PI substrates

Sample ID Composition hCu (nm) εc (%) σ f (MPa) ν E (GPa) KI c (MPam 1/2) Crit. J-int (J/m2)

M5 Al–5.2 at.% Mn – 0.63 ± 0.06 199.1 ± 8.6 0.34 39.4 ± 7.3 0.58 –

M11 Al–11.5 at.% Mn – 0.57 ± 0.08 221.1 ± 13.4 0.33 62.3 ± 5.9 0.78 –

M20 Al–20.5 at.% Mn – 0.46 ± 0.01 321.7 ± 22.7 0.32 103.6 ± 2.9 1.38 0.34

B1 Cu|Al−20.5 at.% Mn 50 6.24 ± 1.14 220.8 ± 11.9 0.32 67.8 ± 2.6 0.79 8.55

B2 Cu|Al−20.5 at.% Mn 100 2.32 ± 0.24 324.3 ± 15.9 0.32 90.7 ± 11.6 1.21 2.19

S Cu|Al−20.5 at.% Mn|Cu 100 5.67 ± 0.69 284.1 ± 5.6 0.32 94.9 ± 10.8 1.13 8.13

hCu is the thickness of the Cu layer(s) in the samples. The critical strain (εc), fracture stress (σ f ) and elastic modulus (E) were measured
from the stress-strain curves of uniaxial tensile tests. The Poisson’s ratio (ν) was estimated using the rule of mixtures from pure Al and
Mn (Cardarelli 2008). Critical J-integrals of the film/substrate interface (interfacial fracture toughness) of sample M20, B1, B2, and S
were calculated by FEA at their corresponding critical strains

on continuous carbon film grids for 15 min to reach a
sample thickness of ∼150 nm. Bright-field (BF), dark-
field (DF) imaging, and SAD analysis were performed
using a Tecani F20 TEM operated at 200 kV with a
field emission gun.

Uniaxial tensile tests (DTS, National Instruments)
were carried out at a constant strain rate of 4 × 10−4

s−1 at room temperature. Rectangular samples with 4
× 20 mm2 gauge area were used. All results reported
were obtained by averaging from at least four separate
tests. Electrical resistance of the samples was recorded
using Tektronix 4050 multimeter during the test. The
critical strain εc, i.e. the macroscopic strain which
characterizes the microcrack formation (as opposed to
rupture), was obtained by using electrical resistance
change method (Niu et al. 2007). Figure 1 shows a
typical evolution of electrical resistance change during
a tensile test, where εc is defined at the point where
the electrical resistance deviated from the ideal curve
(Lu et al. 2007; Niu et al. 2007). The force of the
film (Ffilm) at a certain displacement was estimated as
Ffilm = Ftotal − Fsubstrate (Macionczyk and Brückner
1999; Pei et al. 2011) (neglecting the force required
to break the native oxide layer on the metallic film),
where Ftotal and Fsubstrate are the tensile loads of the
thin film-coated and uncoated PI specimen at the same
displacement, respectively. The tensile stress of the film
was then calculated as σ = Ffilm/wt , where w and
t are the width and the thickness of the film, respec-
tively. Strain was measured during tensile tests using
digital image correlation method by tracing the mak-
ers (sprayed ink speckles) displacements using a high
definition camera (1920 × 1080 pixels, 30 fps) (Bing
Pan et al. 2009). The strain was then calculated from

Fig. 1 Evolution of electrical resistance change (defined as (R–
R0)/R0, where R0 is the initial electrical resistance of the film) of
a monolithic Al-5.2 at.%Mn (sample M5) as a function of strain

the recorded images using a Matlab routine developed
by Eberl et al. (2010).

3 Microstructure of as-deposited Al–Mn

Microstructure of as-deposited monolithic Al–Mn was
studied by TEM and SAD, as shown in Fig. 2. Increas-
ing Mn% in the alloy leads to a phase transition from
a supersaturated fcc structure to a completely amor-
phous phase, similar to electrodeposited Al–Mn (Ruan
and Schuh 2009). At 5.2 at.% Mn, Fig. 2a shows that
sample M5 contains a single fcc phase (lattice constant
a = 4.036 Å) with an average grain size <d> of ∼15
nm. At the intermediateMn concentration of 11.5 at.%,
M11 contains a complex dual phase structure, where
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Fig. 2 a–c TEM images and d, e corresponding SAD patterns of as-deposited monolithic Al–Mn films with various Mn % as defined
in Table 1

nanocrystalline fcc (a = 4.035 Å and <d> = 12 nm)
and amorphous phases coexist. Further increasing Mn
concentration to 20.5 at.% leads to the formation of a
completely amorphous microstructure of M20, as con-
firmed by the diffuse halo in the SAD pattern (Fig. 2f).

4 Tensile behaviors of monolithic and multilayered
samples

Typical true stress-strain curves of the monolithic and
multilayer samples are shown in Fig. 3. The arrows
indicate the critical strains (εc). Table 1 lists the
mechanical properties obtained from the stress-strain
curves, including elastic modulus (E), fracture stress
(σ f , i.e. the film stress at its critical strain), critical
strain (εc), and fracture toughness (KIc). The mode I
stress intensity factor KIc (fracture toughness) was cal-
culated from the energy release rate G as (Freund and
Suresh 2003):

KIc =
√

EG

1 − ν2
, (1)

where E and ν are the elasticmodulus and the Poisson’s
ratio of the film, respectively. The steady-state energy
release rate G was calculated as (Beuth Jr 1992):

G = πσ 2
f hT

2E

(
1 − ν2

)
g (α, β) , (2)

where hT is the total thickness of the film (∼1.2 μm),
g (α, β) is a dimensionless quantity determined by the
elastic mismatch between the film and the substrate,
and α and β are the two Dundurs’ parameters defined
as:

α = Ē1 − Ē2

Ē1 + Ē2
, and β = μ1 (1 − 2ν2) − μ2 (1 − 2ν1)

2μ1 (1 − ν2) + 2μ2 (1 − ν1)
,

(3)

where Ē = E/
(
1 − ν2

)
is the plane strain tensilemod-

ulus andμ is the shear modulus. The subscripts 1 and 2
refer to the film and the PI, respectively. In this work, α
ranges from0.87 to 0.95,β ≈ α/4 and g (α,β) are linear
interpolation values obtained from reference (Beuth Jr
1992). It should be noted the energy release rate calcu-
lated from Eq. (2) considers a single channeling crack
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in a thin film on a semi-infinite substrate, while the
effect of crack spacing onG is neglected. For deformed
ductile thin films such as Cu on compliant substrate,
parallel channel cracks are often observed perpendic-
ular to the loading direction. It was shown that the
energy release rate of such thin films increases with
crack spacing for a given film (and substrate) thickness
and eventually reaches a maximum (saturated) value
that corresponds to the case with a single isolated crack
(Huang et al. 2003). However, as will be shown later
in Sect. 4.2, the deformed amorphous Al–Mn (M20)
thin film studied here do not exhibit the typical par-
allel channel cracks, but rather extensive shear bands
inclined or perpendicular to the loading direction. For
samples with Cu buffer layers such as B1, B2 and S,
parallel cracks were indeed observed (Fig. 5b–d), with
crack spacing between ∼50 and 100 μm and crack
spacing to film thickness ratio around∼ 42–83. In such
cases, the energy release rate is approaching the satu-
rated value as calculated here. Hence, considering the
behavior of bothmonolithic (M20) and layered samples
(B1, B2, and S), we neglect the effect of crack spacing
and adopt Eq. (2) to calculate G for simplicity, while
it should be noted that such calculations correspond to
an upper limit of the steady state energy release rate for
some samples.

Representative true stress-strain curves of all sam-
ples are shown in Fig. 3. For all monolithic samples, the
stress reaches amaximumat the critical strain, followed
by a stress relaxation due to crack and/or shear band for-
mation. In addition, all mechanical properties, includ-
ing σ f , E , and KIc were found to increase with Mn %,
withM20 exhibiting the highest values of all, as shown
in Fig. 4 and Table 1. However, at the highest Mn con-
centration (20.5 at.%), the amorphous nature of M20
renders a very low tensile ductility (∼0.46%). This is
not surprising given that amorphous alloys lack suffi-
cient intrinsic mechanisms to hinder crack propagation
or strain hardening (Schuh et al. 2007). Figure 5a shows
a typical SEMimageof the surface ofM20at the critical
strain. Extensive shear bands, either inclined at an angle
of ∼ 45◦ or perpendicular to the loading direction can
be seen (indicated by white arrows), which contribute
to the failure of an amorphous material (Schuh et al.
2007).

The critical strains remain very low (less than
0.65%) for all monolithic samples regardless of their
crystallinity, similar to the behavior of brittle thin films
such as Cr (<1%) (Cordill et al. 2010) and Ta (0.6%)

Fig. 3 a Representative true stress-strain curves of M5, M11
and M20 and b B1, B2 and S samples. The arrows indicate the
critical strains εc

(Frank et al. 2009) on PI. To improve the film/substrate
adhesion and stretchability of the system, bilayered
(B1 and B2) and trilayered (S) samples were designed
via extrinsic toughening mechanisms (Hofmann et al.
2008; Ritchie 2011). Figure 3b shows the true stress-
strain curves of all layered samples (B1, B2, and S). It
can be seen that while εc occurred in the elastic domain
in all monolithic samples (Fig. 3a), it always occurred
after extensive plastic deformation in the multilayered
samples. Figure 4a shows that the bilayer scheme (B1)
can enhance the elongation of M20 by more than ten
times (from 0.46 to 6.24%). However, at the same time,
the fracture toughness decreased from 1.38 to 0.79
MPam1/2. In contrast to B1, B2 samples maintained
high fracture toughness ofM20 andmoderate improve-
ment of critical strain (from 0.46 to 2.32%). Finally,
the trilayer sample S turned out to be the optimized
solution, which exhibits a combination of high ductil-
ity (5.67%), fracture stress (∼ 284 MPa) and fracture
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Fig. 4 a Critical strain, b fracture stress, and c fracture tough-
ness of all monolithic, bilayer, and trilayer samples. Error bars
represent standard deviation obtained from at least four separate
tests

toughness (1.13MPam1/2). The following discussions
justify these experimental observations.

4.1 Fracture mechanisms at the brittle/ductile
interface in the multilayered samples

In a ductile/brittle layered structure, crack often ini-
tiates in the brittle layer and then travels to the duc-

tile/brittle interface (Wu et al. 2014). As long as the
thickness (h) of the ductile layer (e.g. Cu in this work)
is much larger than its Burgers vector, emitted disloca-
tions will move away from the crack tip under ten-
sile loading (Hsia et al. 1994). In the ductile layer,
emitted dislocations will blunt the crack tip and there-
fore reduce the tensile stress at the crack tip. Hence,
the crack propagation process is suppressed, since the
crack tip stress is unable to reach the cohesive ten-
sile strength of the interface (Hsia et al. 1994). More-
over, if the strength of the ductile material is increased,
its fracture toughness will be increased because of the
plastic deformation during crack propagation (Was and
Foecke 1996). Therefore, adding a ductile Cu layer has
the potential to improve the ductility as well as the
fracture toughness of the amorphous Al–Mn/PI struc-
ture. However, the dislocations emitted in the ductile
layer are also confined by the brittle layer. These dis-
locations pile up at the interface, generating additional
stress at the crack tip, which hinders further dislocation
emission and blunting process at the crack tip (Ander-
son and Li 1993). Gradually, the tensile stress at the
blunted crack tip reaches a critical strength resulting in
fracture. Therefore, the fracture toughness of the film
depends on the number of dislocations emitted, which
in turn depends on the thickness of the ductile layer
(Hsia et al. 1994).

What is the appropriate ductile layer thickness that
should be added to the amorphous M20 sample to opti-
mize its ductility and fracture toughness? We approach
this problem by evaluating the constraining effect of
the ductile layer on the fracture behavior of a compos-
ite material consisting of alternating ductile and brittle
layer(s). In a ductile metallic layer with a crack, the
plastic zone size at the crack tip can be estimated as
(Hsia et al. 1994):

rp = 1

2π

(
KIc

σY

)2

, (4)

where KIc is the fracture toughness and σY is the yield
strength of the material. When the layer thickness (h)
of the ductile phase is large, the plastic zone size is on
the order of millimeters or even centimeters, similar
to its bulk counterpart. However, in thin films with h
ranging from a few micrometer to ∼10 nm, the plastic
zone is confined (h < rp), resulting in a reduced frac-
ture toughness (Hsia et al. 1994; Varias et al. 1991). In
this case, dislocation activities in ductile thin film (Cu
layer) no longer obey the continuum plasticity theory.
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The discrete dislocations interact with the crack tip and
the interfaces, while the interfaces serve as barriers pre-
venting dislocations from crossing over into the brittle
layer. Because of this dislocation confinement, fracture
toughness increases with the ductile layer thickness
(Hsia et al. 1994). For example,Wuet al. (2014) showed
that in Cu/Mo multilayers coated on PI, the adhesion
energy remains low when the thickness of the ductile
Cu layer (hCu) is below∼ 25 nm, but increases rapidly
with hCu afterwards. Zhang (2011) studied the effect
of layer thickness on the fracture behavior of Cu/Nb
and Cu/Zr multilayers coated on PI. They found that
the fracture mode of the mutlilayers is controlled by
the constraining effect of the Cu layer and the fracture
toughness increaseswith hCu and reaches a steady-state
at hCu > 20−30 nm.When hCu is reduced to less than
∼ 15 nm, dislocation activities are greatly suppressed
and their shielding effect is minimized, resulting in a
significant reduction of deformability of the Cu lay-
ers (i.e. Cu layers become more brittle). Based on the
above discussion, we chose hCu of 50 and 100 nm to
be added to the monolithic Al–Mn/PI structure (sam-
ples B1, B2, and S) in order to optimize the ductility
and the fracture properties of amorphous thin film on
PI substrate.

Next, a fracturemodel proposed byHsia et al. (1994)
was employed to justify the effect of Cu layer thickness
on the fracture behavior of B1 and B2 samples. In this
model, crack propagation in a composite structure com-
posed of submicron thick ductile and brittle layers is
considered. This model considers the constraint effect
of the ductile layer on the propagation of a crack initi-
ated at the brittle layer and blocked by the interface. On
the one hand, the dislocations emitted from the crack tip
blunt the crack tip and consequently reduce the tensile
stress at the crack tip. At the same time, these emitted
dislocations also pile up at the interface sending back
a stress to the crack tip, impeding further dislocation
emission. Based on the crack tip shielding and blunt-
ing effects by the emitted dislocations, the equilibrium
number of dislocations (n) is determined as (Hsia et al.
1994):

n = 4π (1 − v)

ln
(
h̃
r̃

)
(
K̃app

√
h̃

A
√
2π

sinϕcos
ϕ

2
− γ̃

)
, (5)

where v = 0.328 is the Poisson’s ratio of Cu (Yu and
Spaepen 2004) and A is a factor that is slightly greater

than unity (Hsia et al. 1994). K̃app, h̃, γ̃ and r̃ are the
normalized values defined as:

K̃app = Kapp

μ
√

β
, h̃ = hϕ

b
, γ̃ = γ

μb
, r̃ ≈ 2.7

r0
b

, (6)

where Kapp is the far field stress intensity factor of the
Cu thin film. The values of Kapp are 0.97 and 1.17
MPam1/2 for the Cu layers in B1 and B2, respec-
tively, calculated from Eqs. (1)–(3) (σCu is thickness-
dependent, taking the values of 1180 and 1000MPa for
the Cu layers in B1 and B2, respectively (Zhang et al.
2008); ECu is 90 GPa (Yu and Spaepen 2004); gCu (α,
β) is 8.65 for both the Cu layers in B1 and B2 (Beuth Jr
1992). μ is the shear modulus of Cu, taking the value
of 33.89 GPa (Yu and Spaepen 2004), β = 2

√
(2/π)

assuming that the crack has a semi-circular front, and
hϕ = hCu/ (2sinϕ) being the maximum distance the
leading dislocation can travel before it is blocked by
the interface. ϕ is the angle that the slip plane inclines
from the interface (ϕ is chosen as 45◦ without a loss
of generality). b is the Burgers vector of Cu (2.56 Å).
γ̃ is the normalized surface energy (γ̃ ≈ 0.1684 esti-
mated from; Rice and Thomson 1974). r0 is the effec-
tive core radius of dislocations (r0 = 1.725nm; Hsia
et al. 1994). The equilibrium number of dislocations
estimated from Eq. (5) is 22 and 28 for the Cu films in
B1 and B2, respectively.

With the presence of the shielding effect of the dis-
locations, the stress intensity at the crack tip is defined
as (Hsia et al. 1994):

Ktip = Kapp − KD, (7)

where KD is the contribution of the dislocations to the
stress intensity at the crack tip (Hsia et al. 1994):

KD = μb

(1 − v)
√
2πhϕ

3

2
sinϕcos

ϕ

2
. (8)

The maximum tensile stress at the crack tip is deter-
mined as (Hsia et al. 1994):

σtip = β
Ktip√
nb

. (9)

Using the input values described above, Ktip were esti-
mated to be 0.92 and 1.13 MPam1/2, and σtip were
estimated to be 1.94 and 2.12 GPa for samples B1
and B2, respectively. The higher value of the crack
tip stress intensity (Ktip) in B2 shows that a thicker
Cu layer can accommodate more damage and larger
amounts of dislocations before fracture. These results
are in agreement with our experimental observations
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Fig. 5 SEM images of
sample a M20, b B1, c B2
and d S at its respective
critical strains. Uniaxial
loading is applied in the
horizontal direction in all
samples as shown in (a).
White arrows in (a) show
the extensive shear bands
formed, either inclined at an
angle of ∼ 45◦ or
perpendicular to the loading
direction

that the fracture toughness of the whole B2 sample is
higher than B1 (Fig. 5d). Moreover, the fact that maxi-
mum tensile stress at the crack tip (σtip) in B2 is larger
than that in B1 (along with the substrate effect as dis-
cussed later in Sect. 4.2) suggests that the Cu layer
in sample B2 has a higher stress concentration than
in B1, making the elongation of B2 smaller than B1,
which agrees well with our experimental observations
(Fig. 5a).

Finally, let’s consider the behavior of the sand-
wiched trilayer sample S, which is the optimized
solution that exhibits a combination of high ductility
(5.67%) and high fracture toughness (1.13 MPam1/2).
Since cracking of nano-scaled multilayer films is ini-
tiated in the brittle layers and hindered by the ductile
layers (Wu et al. 2014), in the cases of B1 and B2,
the micro-cracks initiated at the top surface of the Al–
Mnfilm and propagated to theCu/Al–Mn interface. For
sample S, having another Cu layer on the top will delay
the crack initiation at the brittle Al–Mn layer, which
eventually leads to the ductility enhancement. In this
analysis, the effects of the brittle layer on the ductile
layer contributing to the fracture mechanism were not

considered (Guo et al. 2015), and can be considered in
future work.

4.2 Failure mechanisms at the film/polymer interface
in multilayered samples

Together with the fracture mechanisms at the brit-
tle/ductile interface, those at the film/polymer interface
also contribute significantly to the fracture behavior of
the multilayered samples. SEM image in Fig. 5b shows
the surface of B1 at the critical strain. The presence of
channeling cracks through the width without any shear
bands confirmed the ductile fracture via the bilayer
scheme (Was and Foecke 1996; Zhang et al. 2014).
It is likely that the presence of a thin (50 nm) Cu layer
dissipated the energy from the amorphous alloy layer
to the PI substrate and thereby delayed the final failure
(Chen et al. 2011a; Kou et al. 2014).

In sample S, the Cu layers limit the propagation of
some shear bands distributing the plastic strain tomany
other bands, delaying fracture, which is why large plas-
tic strain was observed. The failure mechanism can be
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Optimizing ductility and fracture of amorphous metal thin films 137

Fig. 6 a, b Cross-sectional
ion beam images of the S
sample at its critical strain.
Image (b) was obtained
after extensive ion etching
of the crack in (a) to reveal
the sandwich structure

explained as follows. First, even with a thick (100 nm)
Cu layer between the alloy and PI, which slows down
the energy dissipation from the Cu layer to PI, sam-
ple S still possesses high ductility because of its hier-
archical structure of the three layers. The three lay-
ers deform differently, i.e. the top surface Cu layer
maintains/stabilizes ductility (of the Al–Mn layer) and
together with the inner Cu layer they dissipate energy
via their plasticity, preserving ductility and delaying the
final failure of the whole structure (Chen et al. 2011a;
Kou et al. 2014). Second, it was observedwhen running
the DIC program that there were nearly no strain local-
izations on the sample S’ surface. The idea of strain
non-localization was first introduced to improve the
ductility of nano-materials by designing three-layered
stainless steel sheets with surface mechanical attrition
treatments and co-rolling processes (Chen et al. 2008;
Lu and Lu 2004). Strain non-localization mitigates the
initiation of one critical major crack and delays the
crack propagation by transferring the originally local-
ized cracks to other positions (Kou et al. 2014).Accord-
ing to Lu et al. (2009), the critical condition for strain
localization to take place is debonding between the
film and the substrate, since debonding makes the film
locally free-standing and thus necking of the film will
be accommodated by local elongation. Figure 6 shows
FIB images of the cross-section view of the tested S
specimen and confirms that there was no debonding at
the film/PI interface, and thereby no strain localization
in the S samples. Since a strong bonding between the
film and the PI substrate is very critical in maintain-
ing high ductility for such systems, future work will be
carried out to improve the adhesion of the film/polymer
interface by tuning the surface roughness of the poly-
mer substrate. Some related work has been done by

Table 2 Material properties used in the FEM model

Material E (GPa) ν σY (MPa) σ f (MPa)

PI 2.5 0.34 69 –

M20 103.6 0.32 – 321.7

Cu 127 0.34 881.98 –

Properties of PI are from the manufacturer (Dupont 2004) and
those of Cu thin film are from reference (Yu and Spaepen 2004),
while the properties of the Al–Mn alloy layer are from experi-
ments as listed in Table 1

others in references (Dauskardt et al. 1998; Lin and
Liu 2008; Xu et al. 2011).

5 Finite element simulations

To provide further insight into the failure mechanism
and to evaluate the interfacial fracture toughness of
the film/PI systems under tensile loading, finite ele-
ment simulations were performed using ANSYS (ver-
sion 15). A two dimensional plane-strain model of the
multilayered film on PI substrate under uniaxial ten-
sion was constructed, similar to that in Zhang and Li
(2008). The total metallic film thickness hT is 1.2 μm
and the PI substrate thickness is 7.6 μm. The length l
of the film/substrate system was set at 3.12 μm. The
material properties used in the finite element method
(FEM) model are listed in Table 2. The stress-strain
curve of PI is obtained from themanufacturer specifica-
tions (Dupont 2004) and that ofCu thinfilm is fromRef.
Yu and Spaepen (2004). The properties of the Al–Mn
alloy layer were obtained from experiments, as listed in
Table 1. With the implementation of the cohesive zone
model (Park and Paulino 2013) in Ansys APDL, the
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Fig. 7 Elastic strain energy
density distributions of
sample. a M20 and b S at a
strain of 0.46%

strain energy density distribution, von Mises equiva-
lent stress distribution and J-integral (which represents
interfacial adhesion toughness) were obtained.

Cohesive zone models were defined at both the film
itself and the interface between the film and the PI sub-
strate. Exponential law was selected as the cohesive
law, which describes mathematically the separation or
debonding of two parts of the film and of two material
surfaces (Park and Paulino 2013). The stress for which
the crack opening starts was assumed to be equal to the
yield stress or the fracture stress of the material con-
sidered (Dugdale 1960), i.e. Cu and Al–Mn alloy. The
maximum normal traction for which the film/substrate
interface starts to debond was assumed to be equal to
the yield stress or fracture stress of the material that
adheres to the PI substrate (Xu et al. 2010). Normal
separation across the interface and the shear separa-
tion, where the maximum normal traction is attained,
were assumed to be identical and obey the law of the
fracture energy represented inXu et al. (2010). To intro-
duce an imperfectionwhere the crack can nucleate, aV-
shaped notch 0.2hT wide and 0.02hT deep was placed
at the top of the film (Li and Suo 2007; Lu et al. 2010;

Zhang and Li 2008). Both the film and the substrate
were meshed by the two-dimensional 8-node structural
solid elements Plane183 with the plane strain option.
The interfaces were meshed by the 6-node cohesive
elements Inter203. The vertical displacement along the
bottom of the substrate as well as the horizontal dis-
placement along the centerline of the system was set to
zero,whereas a uniformhorizontal displacement ofu/2
was applied to both sides of the film/substrate system.
The nominal strain of the system is then u/ l, where l
denotes the length of the film/substrate system. Finally,
convergence analysis was performed to get the optimal
mesh.

To investigate the adhesion of the interface between
two dissimilar, non-linear elastic materials (i.e. the
film/PI system), path-independent J-integral has been
proven to be the only feasible computational method
(Anderson 2005; Rice and Sih 1965; Tran et al. 2013).
A strain of 0.46% (i.e. critical strain of the sampleM20)
was applied to all multilayer samples. Twelve contours
were defined around the crack tip, which rested at the
film/substrate interface, to calculate the converged J-
integral values. Figure 7 shows the elastic strain energy
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Fig. 8 Von Mises
equivalent stress
distributions of sample. a
M20 and b S at a strain of
0.46%

density distributions of theM20andS samples at 0.46%
strain. It can be seen that the presence of a Cu layer
sustained a high amount of strain energy. This con-
firms that the two Cu layers dissipate energy via their
plasticity, together with the ductility of the polymer
substrate, preserving the ductility and then delaying
the final failure of the whole metallic system (Chen
et al. 2011a; Kou et al. 2014). Figure 8 shows the von
Mises equivalent stress distributions ofM20 and S. The
two Cu layers sustain much of the stress distributed
to the whole film, which obviously reduces the stress
that the alloy layer has to endure. This makes the elon-
gation of the sample S larger and the alloy layer can
possess higher critical stress at its critical strain. The
J-integrals of the film/substrate interface at the same
strain of 0.46% (Fig. 9) show that the adhesion of the
interface increases significantly with the added Cu lay-
ers (from 0.34 J/m2 for M20 to 0.45 J/m2 for B2 and
S). This result confirms that the bonding between the
film and the substrate was improved, making it a crit-
ical condition for strain non-localization, delaying the
crack propagation by transferring the originally local-

Fig. 9 J-integrals of the film/substrate interface at the applied
strain of 0.46%

ized cracks to other positions (Kou et al. 2014; Lu et al.
2009).

Finally, to evaluate the ability of the multilay-
ered film/PI systems to resist delamination at the
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Fig. 10 Critical J-integrals of the film/substrate interface of the
sample M20, B1. B2 and S at their critical strains of 0.46, 6.24,
2.32 and 5.67%, respectively

film/polymer interface, interfacial fracture toughness
(i.e. critical J-integrals) of all samples were calculated
(Tran et al. 2013). Samples M20, B1, B2 and S were
applied with their experimental critical strains of 0.46,
6.24, 2.32 and 5.67%, respectively (Fig. 4a). The results
in Fig. 10 show that with the sandwiching scheme, the
interfacial fracture toughness can be enhanced twenty
four times from 0.34 J/m2 (sample M20) to 8.13 J/m2

(sample S). This result again confirms the significant
improvement of the adhesion between the film and the
substrate via the sandwich structure.

6 Conclusions

Mechanical properties of monolithic and multilayered
Al–Mn thin films coated on PI substrates were studied
by tensile testing and finite element methods. Among
the monolithic films, the amorphous Al–Mn possesses
the highest fracture toughness, but limited ductility and
poor resistance to interfacial delamination. To improve
the stretchability of the system without compromising
the fracture toughness, bilayered and trilayered films
were designed by addingCu buffer layers to the system.
It was found that the bilayered structure with 50 nm Cu
buffer layer improves the ductility of amorphous Al–
Mn by more than ten times while the trilayered struc-
ture optimizes both ductility and fracture toughness.
Analytical modeling and finite element analysis show

that in the trilayered structure, the topmost Cu layer
retards crack initiation, while the inner Cu layer dis-
sipates strain energy and improves film/PI adhesion.
In this case, the elongation was enhanced more than
ten times and the interfacial fracture toughness twenty
four times with a limited sacrifice of fracture tough-
ness (less than 18%). The results of this work thus pro-
vide important guidelines for optimizing mechanical
properties of future flexible electronics, whose perfor-
mance requires reasonable ductility of crystalline and
amorphous metallic films on polymer substrates.
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