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The room temperature mechanical behavior of amorphous NieP thin films deposited on Ni substrate
under tension was systematically investigated. Due to the effect of substrate confinement, unexpected
homogeneous plastic flow occurred in the film simultaneously with cracking or shear banding, which co-
contributed to the plastic deformation. The film thickness gradually reduced with increasing tensile
strain and the maximum reduction increased up to 69% in 2.6 mm-thick film. Such a severe plastic
deformation leads to significant structure change in the film where free volume annihilation dominates,
evidently by almost 100% reduction in the total relaxation enthalpy in the deformed film, accompanied
by the densification and hardening. The stress required for shear band and crack propagation in NieP
film was analyzed on the basis of Griffith's criterion. A deformation map is proposed to account for co-
existence of homogeneous flow and localized plastic deformation (shear banding or cracking), as well as
the transition of deformation modes.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Metallic glasses (MGs) have proven to be a group of promising
materials for their excellent mechanical and chemical properties,
such as high strength and hardness as well as high corrosion
resistance that provide great potential for various applications in
industry [1e3]. However, plastic deformation of large-sized MGs is
highly localized into shear band under uniaxial stress, resulting in a
limited plastic strain and catastrophical failure at room tempera-
ture [4,5]. It is thus believed that MG sample only deforms elasti-
cally in the rest of sample volume without shear band [1,6]. On the
other hand, deformation of MG is homogeneous via viscous flow
(also characterized as homogeneous flow) at high temperatures
near or above the glass transition and low strain rates [1,7]. The
deformation map for MGs, constructed by Spaepen [7] on the basis
of free volume theory and reviewed by Schuh et al. [1], indicates a
strict separation between the regimes of inhomogeneous (shear
localization) and homogeneous deformation. This implies that
homogeneous flow would not occur at room temperature.

Be that as it may, numerous studies on nano-sized thin films or
.cn (L. Lu).
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pillars have reported an existence of a transition of deformation
mode from localized to non-localized (e.g. homogeneous flow) at
room temperature after critical reduction in specimen size [8e11].
Apparent differences in experimental details (such as the compo-
sitions, specimen taper geometry, and surface modification
induced by FIB), created intense arguments and contradicting
conclusions on whether there exists the transition of deformation
mode or not, as well as the critical sample size of the transition [12].

Furthermore, many previous studies have shown that shear
band and homogeneous deformation were both observed in
compression of nano-sized pillar. For instance, plastic flow was
observed by Shan et al. [13], during in situ TEM compression tests
performed on a Zr-based MG nanopillar with 300 nm in diameter,
contributing to the widening and shortening of the pillar. Never-
theless, localized deformation in the form of a shear band was also
observed in a later stage of the plastic deformation. Bharathula et al.
[14] presented a mixture of localized and non-localized flow that
contributed to the plastic deformation of specimens with diameter
of less than 300 nm. Cu-based MG pillars with tip diameters
ranging from 93 to 645 nm under compression, reported by Chen
et al. [15,16], show intermittent plastic flow accommodated by
inhomogeneous shear banding. Meanwhile, by nanoindenting cold
rolled MG ribbon, Atzmon et al. [17] also demonstrated stable ho-
mogeneous flow taking place at pre-existing shear bands. Such
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technical literature not only indicate an apparent difficulty to
completely prevent shear band formation but also identify the
simultaneous coexistence and contribution of the two mechanisms
of shear banding and homogeneous flow to the plastic deformation
within MGs.

Several studies have revealed recently that constraining MG
films by plastic substrate could suppress the strain localization and
early rupture, thereby enhancing its plasticity remarkably [18,19].
Bending [20] and nanoindentation [21] experiments on the glassy
films have shown that amorphous coating possesses plastic
deformation ability which can improve the fatigue life of crystalline
metallic substrates [22]. Furthermore, bending tests conducted by
Cao et al. [20,23] and Ma et al. [24,25] investigate the transition of
deformation mode from highly localized to non-localized with film
thickness of ~250 nm. These observations raise interesting ques-
tions: “Is it possible to observe homogeneous plastic deformation
in macro-sized MG film during tensile tests at room temperature?”
“What exactly is the transition of deformation mode like, suddenly
saltation or gradually change?”

With such queries in mind, the study in this paper primarily
focuses on the tensile behavior of NieP amorphous films with
different film thicknesses (from 2.6 to 26.4 mm) deposited on coarse
grained (CG) Ni substrate. Continual and gradual reduction of film
thickness with increasing tensile true strain was revealed experi-
mentally. Both localized (shear band or crack) and non-localized
(homogeneous flow) deformation were detected in tension of
NieP amorphous films simultaneously, which are implied to have
co-contributed to plastic deformation. The mechanism of such
homogeneous flow is discussed on the basis of the substrate
confinement and film thickness effect. The deformation map and
the transition of deformation modes in NieP amorphous film are
analyzed by analogy with conditions for homogeneous flow, shear
band and crack propagation.

2. Experimental

2.1. Sample preparation

High purity coarse grained (CG) Ni with {200} out-of-plane
texture was used as the substrate. A strong preferential orienta-
tionwas revealed in the CG Ni substrate by XRD analysis. The CG Ni
were grinded and mechanically polished carefully and then acti-
vated by electrolysis. After the surface treatment, the samples were
immersed into a hypophosphate bath for NieP amorphous film
chemical deposition. The chemical compositions of the solution are
as follows: 20 g/l nickel sulfate, 30 g/l sodium hypophosphite, 30 g/l
sodium acetate, 12.5 ml/l lactic acid, and 1 mg/l lead acetate. The
solutionwas maintained at pH value of 4.5e5.0 and temperature of
85 ± 2 �C. NieP amorphous films with different thickness were
synthesized at time durations between 30min and 2.5 h. Dog bone-
shaped flat tensile samples with a gauge length of 5 mm and a
width of 2 mm were cut from the as-deposited sample using an
electric sparkmachine and thenmechanically grinded and polished
to a final thickness of 1.5 mm.

2.2. Tensile tests

Uniaxial tensile tests were performed in an Instron 5848
microtester at a strain rate of 5 � 10�3 s�1 at room temperature. A
contactless MTS LX300 laser extensometer (Eden Prairie, MN, USA)
was used to calibrate and measure the sample strain upon loading.
During the tensile testing, a non-contact optical 3D deformation
measuring system (ARAMIS, GOMmbH, Germany) was coupled
with the test machine to measure the local strain distribution on
the amorphous film surface. The sample surface was sprayed with
stochastic white and black dots pattern for the system to recognize
the position and shape before tension. The ARAMIS system consists
of two high-resolution CCD cameras which can record hundreds of
images of the specimen at every specified time interval in various
load stages during tensile tests. The system can divide every image
into many small squares (called facets) according the dots pattern
and calculate the local displacement and plastic strain of the facets
by computing the change of facets position. The local accuracy of
strain deformation is up to 0.01% [26]. An external data interface
was also connected with the test machine which can transfer the
force data into the system. After successful computation by ARA-
MIS, the local plastic strain distribution of the film surface can be
acquired in various engineering stress or strain stages.

2.3. Post inspection

After tensile tests, the sample surfaces were first examined in an
FEI Nova NanoSEM 430 field emission gun scanning electron mi-
croscope (SEM) with secondary electron imagining using an ETD
detector. Then the samples were coated by a protecting Ni-coating,
and cut along the tensile direction to observe the film deformation
from longitudinal section. Cross-sectional microstructures of the
samples, before and after tensile deformation, were examined by
SEM with back scattering electron (BSE) imaging using a VCD de-
tector. X-ray diffraction (XRD) measurements were carried out on
the plane surface of the as deposited samples using a Rigaku
DMAX/2400 X-ray diffractometer with Cu Ka radiation at grazing
incidence angle of a0 ¼ 4�. Chemical compositions of all the test
samples were determined by energy dispersive X-ray spectroscopy
(EDX) with Oxford INCA X-act fixed on SEM 430. A Tecnai G2 F20
transmission electron microscope (TEM) operated at 200 kV was
used to character the structure of NieP amorphous film.

Nano-indentation was carried out by using a triboindenter
(Agilent Technologies, Nano Indenter G200, USA). A maximum
displacement of 300 nm and 10 s holding time (at the peak hold
load) were applied. The as-deposited and deformed films were cut
off from the substrates carefully by mechanical grinding and pol-
ishing for thermal tests. All of the tested samples were examined by
chemical composition to verify successful removal from the
substrate.

Differential scanning calorimetry (DSC) analysis was carried out
using a Flash DSC 1 STARe system (METTLER TOLEDO) which is
suitable for micro-scale samples at a heating rate of 50 K�1 with the
flow of argon. The size of the specimen (after being cut off from the
substrate) was about 50*70*14 mm3 and resultant mass calculated
was ~380 ng. A second run under the identical condition was uti-
lized for determining the base line after each measurement.

3. Results

3.1. Microstructure of the samples

Fig. 1 collectively shows the cross sectional SEM images of NieP
amorphous films with various thickness ranging from 26.4 mm to
2.6 mm, deposited on the coarse grained (CG) Ni substrate. The grain
size of the Ni substrate had a wide distribution ranging from 1 to
30 mm. As seen in Fig. 1(aed), the interface between film and
substrate can be clearly distinguished as being sharp, straight and
clean for all the samples, signifying that the films were well-
bonded to the Ni substrate. The XRD results (Fig. 2a) of the depo-
sition surfaces show typical “broad peaks”, indicating the amor-
phicity of NieP films. No lattice fringes and only a homogeneous
maze contrast were found by HRTEM (Fig. 2b), while the inset
shows a selected area electron diffraction (SAED) pattern without
crystalline spots and rings, further confirming the monolithic



Fig. 1. Cross-sectional SEM images of NieP amorphous film on coarse grained Ni substrate. Film thickness: (a) 26.4 mm (b) 14.3 mm (c) 10.5 mm (d) 2.6 mm. Horizontal bandings are
observed in (a) and (b).

Fig. 2. (a) Grazing incidence XRD patterns of surface amorphous film. (b) HRTEM images of the as-deposited NieP amorphous film. The inset shows the electron diffraction of the
NieP film.
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amorphous phase. No nanocrystalline was observed both in the
thick and thin films. The EDX analysis shows that the P content of
the NieP amorphous films was in the range of 9.2e11.3 wt.%, as
listed in Table 1, which is well within the typical range of 8e14wt. %
for the composition of the amorphous film reported previously
[27e29]. There were some horizontal bandings (i.e. striations)
Table 1
Chemical compositions of NieP films with various thicknesses from EDX analysis.

Samples Film thickness (mm) Substrate thic

1 26.4 1470
2 14.3 1470
3 10.5 1490
4 6.1 1500
5 2.6 1500
observed in the two thicker films (in 26.4 mm & 14.3 mm-thick
films). These striations are characteristic of periodic variations of
the phosphorus content, rather than alternate lamellae of different
phases or interfaces [27,30]. The phosphorus content varied slightly
from 9.8% to 10.5% in the depth of the 26.4 mm film by EDX analysis
in this study which is still in the range of amorphous structure. It
kness (mm) P Weight (%) Ni weight (%)

10.5 89.5
11.3 88.7
9.3 90.7
9.6 90.4
9.2 90.8
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was reported that pulse plating can eliminate the banded structure
in the film but has no significant effect on the mechanical proper-
ties of the deposits [31].
3.2. Tensile properties

Typical engineering tensile curves of NieP films with different
thicknesses on the substrate are shown in Fig. 3. For comparison,
tensile behaviors of CG Ni substrate and free-standing Ni80P20
ribbon prepared by melt-spinning [32] are also included in Fig. 3.
Apparently, the ribbon showed high strength but almost no plas-
ticity, thereby having a tensile elongation of no more than 2%. The
sample with 14.3 mm-thick NieP film coating exhibited a much
more enhanced tensile strength (yield strength at 0.2% strain offset
sy ¼ 310 MPa, ultimate tensile strength suts ¼ 430 MPa), compared
to those for the CG Ni sample (sy ¼ 276 MPa, suts ¼ 402 MPa).

Fig. 4 reveals the macro morphologies of the samples after
tension. The overall lengths of the four tensile samples were almost
the same. Visual observation could not identify any distinct dif-
ference with ductility, which is consistent with engineering tensile
curves shown in Fig. 3. Large cracks vertical to the loading direction
were observed in 14.3 mm-thick NieP film. However, with
decreasing in the film thickness, the film surfaces became smoother
with only mini cracks.

The true strain (εT) of the tensile sample at different positions
after failure (Fig. 5) can be estimated from the cross-sectional area
(S) reduction by εT ¼ lnðS0=SÞ, where S0 is the original cross section
area in gauge before tension. The cross-sectional area can be
calculated by S]HW, where H and W represent the thickness and
width of the tensile samplewithin gauge after tension, respectively,
which can be measured as shown in Fig. 5a and b at corresponding
positions. The true strain increased with the distance from the arc
ending, as plotted in Fig. 5c. Since the ductility of the sample is
mainly controlled by the substrate, the true strain for the five
samples show almost the same tendency of increasing with the
distance from the arc ending, independent on the film thickness.
3.3. Surface morphology after tension and fracture mechanism

Snapshots of local plastic strain distributions on the surface
during tensile test, extracted from the ARAMIS recorder, are shown
in Fig. 6. Fig. 6a depicts that the surface strain was localized in the
horizontal regions (channel cracks) in the early stage of tension
Fig. 3. Tensile engineering stressestrain curves of four different thickness NieP films
with Ni substrate. For comparison, the ses curves of Ni substrate and Ni80P20 ribbon
[32] are also included. The inset shows the sample geometries before and after tension.
(engineering strain ε ¼ 5%); however when the engineering strain
increased to 25%, the local strain (Fig. 6b) in the surface was even
more uniform, similar as the substrate deformed without film on
the surface (Fig. 6c). Comparison between Fig. 6a and b easily in-
terprets the increase in the strain of the area between the cracks,
which characterizes that the film segments (the film between two
adjacent cracks) deformed concurrently with the substrate defor-
mation during the tensile test. The movie created by ARAMIS dur-
ing tension can be found in Supplemental Material.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2016.01.001.

A magnified SEM image of the film surface in Fig. 7a displays
large channel cracks that propagated vertically through the tensile
direction on the 14.3 mm-thick NieP surface, after tension. A few
cracks induced by shear banding with angle of ~45� to depth di-
rection were observed in the thin films, as indicated by dashed
circles in Fig. 7b and c. Shear bands were also observed on the
surface of film segments in the 6.1 mm and 2.6 mm-thick films. With
decreasing in film thickness, the crack width and film segments
spacing also decreased at similar tensile true strain, while the angle
between cracks and tensile direction gradually reduced from 90⁰ to
45⁰. Especially within 2.6 mm-thick film (Fig. 7d), the cracks turned
into discontinuous, dense and tiny “zigzag” form which are similar
to the surface of nanoscale Cu film on polymer substrate after 30%
tensile strain, reported by Xiang et al. [33], implies that MG films
well bonded to a ductile substrate can also achieve a large elon-
gation like crystalline films.

On the surface of 14.3 mm-thick film (Fig. 7a) after failure, the
fracture surface of channel crack is vertical to the surface (cleav-
age); however with decreasing in film thickness, the fracture sur-
face gradually inclined to the surface (shear band). The fracture
characteristics can also be observed from the longitude-sectional
images. By checking fracture in longitude sectional images, frac-
ture type associated with 14.3 mm-thick film ruptured by cleavage
(e.g. Fig. 8e and f); while in 2.6 mm-thick film, it turned out to be
shearing, as indicated by dashed circles in Fig. 8h. It is obvious that
the failure mode gradually transited from cleavage to shear band
with decreasing in film thickness. Mixed fracture types of both
shear and cleavage can be observed sometimes in 14.3 mm-thick
NieP film as well. The critical thickness of the transition is esti-
mated to be about 3e4 mm.

3.4. Film thickness reduction

To reveal the variation of film thickness in tension, longitude-
sectional of NieP films on CG Ni substrate after failure were
observed at different tensile true strains. As shown in Fig. 8, for the
26.4 mm-thick NieP film, the film thickness is almost unchanged
with the increasing tensile true strain even up to 86%. However, for
the 14.3 mm-thick NieP film, the film thickness reduced from initial
thickness of 14.3 mm without strain (εT ¼ 0%) to 11.4 mm in the
middle (εT ¼ 16%), and then to 8.6 mm at the necking zone
(εT ¼ 96%); while for 2.6 mm film, the film thickness reduced from
initial thickness of 2.6 mmwithout strain (εT ¼ 0%) to 1.5 mm in the
middle (εT ¼ 32%), and then to 0.8 mm at the necking zone
(εT ¼ 128%). Additionally, local thinning in crack tip can also be
observed in 2.6 mm-thick film around the necking region. Further
observation reveals that the grains in the CG Ni substrate refined as
the strain increased, and predominately the grains beneath the
crack area were finer than the surrounding grains at close prox-
imity to the crack area.

The film thickness reduction (Tr ¼ Dh/h0, where h0 is the as-
deposited film thickness before tension, Dh is the reduced film
thickness) are plotted as a function of tensile true strain (εT) in
Fig. 9. For the 14.3 mm and 2.6 mm-thick NieP film, the film

http://dx.doi.org/10.1016/j.actamat.2016.01.001


Fig. 4. Surface SEM images of tensile samples after tensile tests. Film thickness: (a) 14.3 mm (b) 10.5 mm (c) 6.1 mm (d) 2.6 mm. LA indicates the loading axis in tensile tests.

Fig. 5. Cross-sectional view (a) and plane view (b) of one half of the tensile sample with 14.3 mm film after failure to illustrate the measurements of the thickness (H) and width (W)
at corresponding positions. (c) The true strain calculated along the loading axis as a function of the distance from the arc ending.

Fig. 6. Snapshots of the local plastic strain distribution of the 14.3 mm NieP film surface detected by ARAMIS at engineering strain: (a) 5%, (b) 25% (c) 25%, CG Ni substrate without
film.
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thickness gradually reduced with the increasing tensile true strain,
while the thickness reduction increased approximately linearly
with the increase of the true strain before necking. The largest
thickness reduction could be as high as 69% in the 2.6 mm film.
Furthermore, the smaller the film thickness, the larger the thick-
ness reduction will be at the same true strain.
3.5. Nano-indentation hardness

A nanoindentation test was performed on the cross section of
the 14.3 mm film sample at different strain levels, as shown in
Fig.10. The hardness of asedeposited filmwas indicated by a star, at
6.2 ± 0.2 GPa. Whether the horizontal striations have an influence
on the original hardness of the film remains to be studied in future.
The hardness remained almost unchanged when the true strain is



Fig. 7. Magnified surface SEM images of tensile samples after tension. Film thickness: (a) 14.3 mm (b) 10.5 mm (c) 6.1 mm (d) 2.6 mm. A few cracks induced by shear banding with
angle of ~45� to depth direction are indicated by dashed circles. The tensile loading axis is aligned with the horizontal direction for all the images.

Fig. 8. Longitude-sectional SEM images of NieP film on CG Ni substrate at corresponding positions indicated by dash line in Fig. 5a show that film thickness gradually variation with
increasing tensile true strain. Thickness of the NieP film: (a) 26.4 mm (b) 25.8 mm (c) 25.6 mm; (d) 14.3 mm (e) 11.4 mm (f)8.6 mm; (g)2.6 mm (h)1.5 mm (i) 0.8 mm.

X.L. Lu et al. / Acta Materialia 106 (2016) 182e192 187



Fig. 9. The film thickness reduction Tr varied as a function of tensile true strain (εT).

Fig. 10. Variation of nanoindentation hardness on 14.3 mm NieP film with tensile true
strain. (bed) SEM images of the indentations at true strain of (b) 0%, (c) 16%, and (d)
96%.
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less than 50%, while when the true strain reaches over than 85%, the
hardness gradually increased to a maximum ~7 GPa, about 10%
increase of its initial value.
3.6. Free volume reduction

Such drastic thickness reduction and plastic deformation in the
MG film must imply significant change in the structure, which is
associated with variation in free volume. Most common method to
investigate the content of free volume in MG is to measure the
enthalpy relaxation by examining the endothermic signals shown
in DSC curves before the glass transition.

Flash DSC, which is capable of studying tiny sample with weigh
less than 1 mg due to its unique twin chip design [34], was
employed to study the enthalpy relaxation of 14.3 mm-thick NieP
film specimens after tensile test at various plastic strain levels. The
results, as shown in Fig. 11a, expose a significant reduction in
exothermic heat before the glass transition of the deformed sam-
ples compared with the as-deposited NieP sample. The relaxation
enthalpy of the deformed samples as a function of true strain is
plotted in Fig. 11b. It is clear that the relaxation enthalpy of the
deformed samples decreases quickly with the increasing tensile
true strain, indicating that there is a huge free volume reduction as
plastic strain increases.
4. Discussion

Above experimental results provided distinct evidence that a
gradual reduction in film thickness was observed together with
shear banding or cracking with increasing tensile true strain in the
NieP amorphous films. There co-exists localized deformation
(shear band or crack) and non-localized deformation (homoge-
neous flow) which contributed to the plastic deformation of NieP
film together.

Although the feature of thickness reduction in nano-scale thin
film specimens was observed previously in rolling [35], however,
this is the first time that amorphous film thickness has been re-
ported to decrease so severely on micro-scale level during tensile
test. Such severe plastic deformation in NieP film can only be
explained as a kind of viscous-like homogeneous flow at room
temperature. The present results also show that there is a gradual
transition in deformation mode from cracking to shear banding,
finally to the homogeneous flow with decreasing in the film
thickness. For instance, almost no thickness reduction was
observed beyond 26.4 mm-thick film and the film fractured by
cracking; however, homogeneous flow induced thickness reduction
and shear bands were observed in 6.1 and 2.6 mm-thick film,
respectively.

The plastic deformation in the NieP films is closely related to
the substrate confinement, which will be discussed in detail in
Section 4.1. A deformation map is proposed to explain the co-
existence of homogeneous flow and localized deformation in Sec-
tion 4.2 and the transition of deformation modes. Finally, the
analysis of the mechanical property of amorphous film in homo-
geneous flow will be discussed in Section 4.3.

4.1. Substrate confinement induced film elongation and thickness
reduction

It has been demonstrated that confinement by a ductile sub-
strate is one of effective ways to improve the plastic deformation
ability for brittle films under tensile tests [18,36]. For example, Lu
et al. [37] reported that Cu films deposited on a ductile polymer
substrate can achieve elongation over 50% before failure. When
stretched, a free standingmetal film usually ruptures at small strain
(~2%) by forming local thinning within a narrow region. However,
finite element simulations have shown that the substrate can
delocalize the strain, so that metal film well bonded on a polymer
substrate can elongate indefinitely but only limit by the rupture of
the substrate [38,39]. Similarly, Fang et al. [40] showed that
gradient nono-grained surface Cu layer can sustain a uniform
elongation of 31% when it was confined by a coarse grained sub-
strate. The extraordinary intrinsic tensile plasticity of nano-grained
metals was revealed when strain localization and early necking
were suppressed by gradient nano-structure. Our previous work
[19] indicated that a uniform tensile ductility of 12% can be ach-
ieved in the 6 mm-thick NieP amorphous film coated on the
gradient nanostructure by generating massive multiple shear
bands.

MG film suffers from a similarly strain localization in shear band
and exhibits macroscopically catastrophic failure under tension at
room temperature. If MG film is well-bonded on a ductile substrate,
the shear banding in the amorphous film will be suppressed by the
substrate and the film can elongate with the substrate deformation
as those confined crystalline metal films.

As pointed out before [39,41], the elastic mismatch and the
interface bonding between the film and substrate are two key pa-
rameters in controlling the effectiveness of the confinement. The
Young's modulus of Ni and NieP amorphous are measured to be
~200 GPa and 150 GPa by nano-indentation, respectively. Well



Fig. 11. (a) Flash DSC curves for various deformed 14.3 mm NieP film. (b) The relaxation enthalpy of the deformed samples as a function of true strain in 14.3 mm NieP film.

Fig. 12. The largest thickness reduction varied with the as-deposited film thickness.
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matched moduli between the NieP film and the Ni substrate insure
that the two sides of interface can deform cooperatively in elastic
stage under tension, neither by delamination nor by buckling from
the interface. The comparable modulus between the film and
substrate can effectively reduce the stress concentration in the
interface and the risk of debonding at the interface during tensile
deformation. The film remained well bonded with the substrate
without observable delamination in the interface even at very large
strain (even after failure), indicating the excellent adhesion be-
tween the film and substrate (Fig. 8c, f & i).

Plastic deformation induced grain refinement and work hard-
ening in Ni [42] substrate beneath the film crack areas prevent the
strain localization in this area of the substrate. The load was
transferred from the substrate into the film segments by the
strongly bonded interface. The well-bonded interface between
NieP amorphous film and CG Ni substrate assures the film and
substrate always combined together and accommodates the plastic
deformation of the both sides of the interface. The film segments
between cracks elongated with the substrate under loading and
thus the film thickness continuously decreased with increasing
tensile true strain.

4.2. Film thickness effect on deformation mode

The homogeneous flow in the NieP amorphous film can also be
attributed to the thickness effect. As shown in Fig. 9, the thinner the
film, the larger the thickness reduction will be at the same true
strain. The largest film thickness reduction as a function of the as-
deposited film thickness is plotted in Fig. 12. It is not difficult to
identify that thickness reduction decreased rapidly with increasing
film thickness. When the as-deposited film thickness is above a
critical value (25e30 mm) in this study, the thickness reduction will
decrease to 0%, as indicated by the dash line, which implies that no
homogeneous flowwould occur in the film beyond this critical film
thickness.

For a better understanding of the thickness reduction (i.e. ho-
mogeneous flow) in the NieP film, it is beneficial to consider the
conditions required for shear band and crack propagation. By
analogy with Griffith's crack-propagation criterion, a crack or shear
band can only propagate if the strain energy relief associated with
the propagation is larger than the surface energy increment in
forming a fresh surface [9]. The strategy proposed by Chen et al.
[15] was adopted for calculating the stress required for crack or
shear band propagation. This strategy considers a unit volume in-
side thin film V ¼ h3 that accommodates an individual crack or
shear band, where h represents the film thickness.
For uniaxial tension, the elastic strain energy density is denoted
as U ¼ s2=2E with s being the stress in the film, and E being the
Young's modulus of NieP film. We assume that only part of elastic
strain energy (Ps*U) can be transferred into the film for shear band
propagation due to the effect of substrate confinement. Considering
the shear band traversing the film in the thickness direction at an
angle of 45�, the surface energy per unit area of shear band under
uniaxial tension can be expressed as:

G ¼
ffiffiffi
2

p
h
s2

4E
Ps (1)

Similarly, if we consider the energy for crack propagation, only a
proportion of elastic energy (Pc*U) can be transferred into the film
for crack propagation also due to substrate confinement. However,
considering the crack traversing the film in the thickness direction
at an angle of 90�, the energy per unit area of crack can be
expressed as:

G ¼ h
s2

2E
Pc (2)

After rewriting Eqs. (1) and (2), the stress required for shear
band (ss) or crack propagation (sc) can be expressed as follow,
respectively:
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ss ¼ 2
3 =

4

ffiffiffiffiffiffiffi
EG
hPs

s
(3)

sc ¼
ffiffiffiffiffiffiffiffiffi
2EG
hPc

s
(4)

The stress required for shear band (ss) or crack propagation (sc)
can be schematically plotted as a function of film thickness (h), as
shown in Fig. 13. The value of G is estimated to be 0:56 J m�2 ac-
cording to references [15,25]. If we can figure out the coefficient of
Ps and Pc, the curves of s-h for NieP filmwill be determined. Ps and
Pc should be related to several complicated factors, such as film and
substrate geometry, the volume ratio of film to substrate and
Young's modulus of the material, which make it difficult to acquire
a definite value. We can only estimate them from the observed
critical film thickness from references and experiment.

In fact, Jang and Greer [10] have pointed out that the stress
required to initiate homogeneous flow at room temperature, sh, is
independent of specimen size and bounded by the yield strength sy
(lower limit) and ideal strength sth (upper limit). If we plotted the
horizontal line of these two limit stresses in Fig. 13, there will be
two critical film thicknesses for homogeneous flow in each s-h
curve. If we can ascertain one of these two critical values, the co-
efficient of Ps or Pc can be calculated.

When we consider the ideal strength of NieP glassy alloy in
Fig. 13, there exists a critical film thickness h*f for fully homoge-
neous deformation in ss-h curve. When the film thickness is below
this critical value, the stress required for shear band propagation is
larger than ideal strength, which means the film is insensitive to
any formed embryonic shear band [43]. So homogeneous defor-
mation prevails and plastic strain becomes homogeneously
distributed. Based on Eq. (3), the coefficient of Ps can be calculated
by:

Ps ¼ 2
3 =

2EG
s2thh

*
f

(5)
Fig. 13. The applied stress (s) required for shear band (blue line) and crack (red line)
propagation as a function of film thickness (h). Here HF and SB represent homogeneous
flow and shear banding, respectively. h*f h*cf , h

*
c means the critical film thickness for

fully homogeneous flow, crack formation, maximum critical thickness for homoge-
neous flow, respectively. h*f ¼ 184 nm h*c ¼ 25 mm. The stresses in the films are esti-
mated from the load differences between NieP/Ni and Ni in the uniform deformation
stage on engineering stressestrain curves (Fig. 3). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
The ideal strength of NieP glassy alloy is sth z E/30 ¼ 5 GPa, h*f
was estimated to be about 184 nm according to the bending test by
Ma et al. [24,25] and Cao et al. [23]. Shear bands were completely
absent in tensile side of bent Ni60Nb40 MG thin films with a
thickness of less than 184 nm. The reason why we select NiNb for
reference is that the Young's modulus of Ni60Nb40 is about
149.8 GPa measured by nanoindentation [24], which is almost
equal to that of NieP amorphous film (150 GPa). And the geometry
of substrate they put to use in the experiment is 2mmwide� 1mm
thick, which is also close to that in this experiment (2 mm
wide � 1.5 mm thick). Therefore, Ps is calculated to be about 5.2%
from Eq. (5) with h*f ¼ 184 nm.

Similarly, if we consider the lower limit of the stress (yield
strength) for homogeneous flow, there also exists a maximum
critical film thickness in sc-h curve. Based on Eq. (4), the coefficient
of Pc can be calculated by:

Pc ¼ 2EG
s2yh*c

(6)

The yield strength of NieP glassy alloy can be estimated to be
sy z H/3 z 2 GPa, H represents the hardness of the film (6.2 GPa).
The critical thickness for thickness reduction (h*c) was observed to
be 25e30 mm (Fig. 12) in this experiment, which was considered as
the maximum critical thickness for homogeneous flow in NieP
amorphous film under tension. Thus the value of Pc can be calcu-
lated to be about 0.168% according to Eq. (6) with h*c ¼ 25 mm. After
rewriting Eqs. (3) and (4) with the value of Ps and Pc, the curves of s-
h for NieP film can be determined as:

ss ¼ 2:15� 106h�1=2 (7)

sc ¼ 1:0� 107h�1=2 (8)

Based on the calculation, the deformation mechanism can be
delineated in the corresponding regions of stress (s)efilm thick-
ness (h) map in Fig. 13. The stress in NieP film increased with
increasing tensile strain, and can reach a higher stress than yield
strength due to substrate confinement. When the stress in filmwas
high enough and reached the stress required for shear band or
crack propagation at a given film thickness, shear banding or
cracking mechanism would be triggered; when the stress is high
enough and in the ranger of possible stress required for homoge-
neous deformation [10], the homogeneous flowwould be included.
According to the engineering stressestrain curve (Fig. 3), the stress
in 14.3 mm-thick film can be estimated to be ~2.8 GPa in the uniform
deformation stage, which is obviously above the yield stress of the
film. This implies that homogeneous flow did take place in the film.

Fig. 13 clearly demonstrates the size-dependence of deforma-
tion modes and the relative threshold sizes of mode transition for
NieP amorphous film in tension. Most importantly, this map re-
veals that the transition of the deformation mode is gradually
changed via the variation of film thickness. In a certain scale of film
thickness and stress, two deformation modes (i.e., shear banding
plus homogeneous flow or cracking plus homogeneous flow for the
samples in this work) can co-exist. With decreasing in film thick-
ness, the mixed deformation mode gradually change from cracking
plus homogeneous flow to shear banding plus homogeneous flow
and eventually to fully homogeneous flow.

The critical film thickness for crack formation h*cf was calculated
to be 4.0 mmwith Pc¼ 0.168%, sth¼ 5 GPa in Eq. (4), which coincides
with the critical film thickness of the transition in failure mode
from shear banding to cleavage (3e4 mm). When the film thickness
is below h*f ¼ 184 nm, the whole region in the map within ho-
mogeneous flow regime, the deformation would be fully
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homogeneous [25]; when the film thickness increases to the scale
of 184 nme4 mm, the deformationmodewould be shear bands plus
distributed homogeneous flow, as we observed in the experiment
of 2.6 mm-thick film; when the film thickness increase to the scale
of 4 mme25 mm, the deformationmodewould be amix of crack plus
shear bands and distributed homogeneous flow, as we observed in
the experiment of 6.1, 10.5 and 14.3 mm-thick film; when the film
thickness beyond 25 mm, the deformation mode would be only
cracking, as we observed in the experiment of 26.4 mm-thick film.
The film thickness effect on deformation modes acquired from the
calculation agrees well with the experimental results. We also
noticed that the chemical composition in the film varied slightly
with thickness. But we believe, it did not play much a role in
affecting energy transfer, thus in the film thickness reduction.

The critical size for homogeneous flow is much larger than that
of reported in nano sized pillar [10] or thin film [11] before. The
main reason is the CG Ni substrate confinement which seems to act
like energy absorber. Only a small proportion of elastic energy
(P*U) can be transferred into film for shear banding or crack
propagation. Another reason is that the previous studies always
seek for fully homogeneous deformation (no shear bands observed)
and ignore distributed plastic flow (shear bands plus homogeneous
flow) [44] of which the critical size is much larger than that of fully
homogeneous flow. The condition for initiating homogeneous flow
in MG is to achieve a higher stress than sy in the sample, which
requires to suppress shear band propagation by size effect [8e10],
multiaxial stress-state [45] or confinement [18e20]. This implies
that MG actually is capable of homogeneous flow at room tem-
perature when shear band is efficiently suppressed or controlled to
be stable. This point is consistent with some previous studies.
Boucharat et al. [46,47] and Pauly et al. [48] had pointed out that
there was plastic deformation in the amorphous “matrix” as well.

4.3. Mechanical property of amorphous film in homogeneous flow

Large deformation often induced softening in amorphous ma-
terials [6] when the strain is highly localized in shear bands. Free
volume in the shear band increases, resulting in dilatation and
softening in MG [49]. However, it has been reported that homo-
geneous flow leads to work hardening [10,45] when the stress is
above a critical value at which the rate of free volume annihilation
exceeds that of free volume generation. Wang et al. [45] further
proven that structural ordering or free volume annihilation can be
observed in homogeneous deformation area, which leads to about
10% increase in hardness.

The present experimental results also demonstrate the hardness
increase and endothermic heat reduction in the deformed NieP
film. The most interesting result shows that the hardness increase
only to about 10% of its original value for the as-deposited sample
(Fig. 10), which is consistent with the previous work [45]. The
hardness increases in the deformed sample is on account of free
volume reduction or structure ordering during the plastic defor-
mation. It seems that the relaxation enthalpy reaches zero after
~50% tensile true strain according to the DSC results (Fig. 11a).
Interestingly, the hardness remained almost unchanged until the
true strain in film reaches 50%. This implies the hardness increase in
deformed film only occurred when the free volume is reduced to a
critical value.

It was also reported that structural relaxation in aging induced
hardness increases by 10e14% prior to the onset of crystallization
for CuZr and FeB glasses [50]. The hardness increment is similar to
our experimental results, which implies that the structure change
resulted by the homogeneous flow is similar to that by conven-
tional thermal relaxation. Whether it is a coincidence or there ex-
ists an upper limit in hardness increase resulted by homogeneous
flow remains to be studied in future.

5. Conclusions

A comprehensive investigation into tensile behavior of the ele-
troless deposited NieP amorphous films with various thicknesses
well bonded on CG Ni substrate was performed in this paper. The
results clearly provided deep insights into the deformation
behavior of micro-sized amorphous film on ductile substrate.

1. A co-existence of non-localized (homogeneous flow) and
localized plastic deformation (shear banding or cracking) was
observed in tension of NieP amorphous films on ductile sub-
strate. Homogeneous flow with a gradual thickness reduction
was observed in NieP films with increasing tensile true strain.
The thinner the film, the larger the thickness reduction will be.
The degree of plastic flow continues to mount up with
decreasing in film thickness. The critical thickness of NieP
amorphous film for homogeneous flow was observed to be
25e30 mm.

2. Due to the substrate confinement as it acts like an energy
absorber, MG films can elongate with the substrate deformation
and achieve a large elongation, even though localized plastic
deformation (shear banding or cracking) took place in the film
simultaneously.

3. A deformation map (Fig. 13) was proposed to account for the co-
existence of homogeneous flow and localized deformation, and
reveals the transition of deformation mode from inhomoge-
neous (shear banding or cracking) to homogeneous flow grad-
ually changed via the variation of film thickness in MG film.

4. The hardness of the deformed film increased ~10% after plastic
deformation. The results of DSC show that the total relaxation
enthalpy of deformed films decreased with increasing plastic
strain, indicating that a huge free volume reduction and struc-
ture ordering occurred during the plastic deformation.
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